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indicates  that  the  factors  affecting  oxidation  of  nutrients  and  metals  are 
highly  site  specific.  This  report  discusses  oxidation  pathways  of  chemicals 
and  important  environmental  parameters  that  affect  the  transformation  rate  of 
selected  nutrients  and  metals  in  fakes  and  reservoirs  and  presents  a  model  for 
predicting  the  transition  from  anaerobic  to  aerobic  conditions,. 

In  order  to  better  demonstrate  the  necessary  components  for  an  aerobic 
predictive  model,  consideration  was  given  to  the  basic  concepts  of  the  most 
commonly  available  equilibrium  models  for  predicting  water  quality  in  lakes. 
Evaluation  of  the  practicality  of  available  models  revealed  that,  although 
equilibrium  models  provide  the  flexible  and  comprehensive  approaches  necessary 
for  water  quality  prediction,  rate  models  are  more  precise  and  reliable  in 
their  depiction  of  the  transition  from  anoxic  to  aerobic  conditions  in 
reservoi rs . 

Oxidation  rates  of  selected  nutrients  and  metals  in  U.  S.  Army  Corps  of 
Engineers  reservoirs  were  determined  in  envi ronmental ly  controlled  laboratory 
investigations;  field  measurements  of  the  fate  of  reduced  iron  and  manganese  ir 
the  anoxic  bottom  water  of  Eau  Galle  Reservoir,  Wisconsin,  during  destratifica¬ 
tion  corroborated  the  laboratory  results.  These  oxidation  rate  coefficients 
will  form  the  basic  input  variables  for  RE-AERS,  a  reaeration  subroutine  of 
the  water  quality  evaluation  model  CE-QUAL-R1. 
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PREFACE 


This  study  was  sponsored  by  the  Office,  Chief  of  Engineers  (OCE) , 
U.  S.  Army,  as  a  part  of  the  Environmental  Water  Quality  and  Operational 
Studies  (EWQOS)  Work  Unit  31594  (IB. 2)  entitled  Develop  and  Verify 
Descriptions  for  Reservoir  Chemical  Processes.  The  OCE  Technical  Moni¬ 
tors  for  EWQOS  were  Mr.  Earl  Eiker,  Mr.  John  Bushman,  and  Mr.  James  L. 
Gottesman . 

The  work  was  conducted  during  the  period  September  1978-June  1981 
by  the  Environmental  Laboratory,  U.  S.  Army  Engineer  Waterways  Experi¬ 
ment  Station  (WES),  Vicksburg,  Mississippi,  under  the  direction  of 
Dr.  J.  Harrison,  Chief  of  the  Environmental  Laboratory  (EL),  and  under 
the  generaL  supervision  of  Mr.  D.  L.  Robey,  Chief  of  the  Ecosystem 
Research  and  Simulation  Division  (ERSD) ,  and  Dr.  R.  M.  Engler,  Chief 
of  the  Ecological  Effects  and  Regulatory  Criteria  Group.  Program 
Manager  of  EWQOS  was  Dr.  J.  L.  Mahloch,  EL.  Some  of  the  foundation  work 
for  this  study  was  performed  as  part  of  a  U.  S.  Army  Corps  of  Engineers 
In-House  Laboratory  Independent  Research  Program  (1LIR)  Work  Unit  111  06 
entitled  Mechanisms  That  Regulate  the  Degree  of  Oxidation-Reduction  in 
Anaerobic  Sediments  and  Natural  Water  Systems. 

This  study  was  conducted  by  Drs.  R.  L.  Chen  and  D.  Gunnison  and 
Mr.  J.  M.  Brannon,  ERSD.  Messrs.  I.  Smith,  Jr.,  and  T.  C.  Sturgis, 

ERSD,  assisted  with  the  laboratory  experimentation.  This  report  was 
written  by  Drs.  Chen  and  Gunnison  and  Mr.  Brannon  and  was  reviewed 
by  Drs.  R.  H.  Kennedy,  Engler,  and  M.  Zimmerman,  ERSD. 

Director  of  WES  during  this  study  and  the  preparation  and  publica¬ 
tion  of  this  report  was  COL  Tilford  C.  Creel,  CE.  Technical  Director 
was  Mr.  F.  R.  Brown. 

This  report  should  be  cited  as  follows: 

Chen,  R.  L. ,  Gunnison,  D.,  and  Brannon,  J.  M.  1983. 

"Characterization  of  Aerobic  Chemical  Processes  in 

Reservoirs:  Problem  Description  and  Model  Formulation," 

Technical  Report  E-83-16,  U.  S.  Army  Engineer  Waterways 

Experiment  Station,  Vicksburg,  Miss. 
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CHARACTERIZATION  OF  AEROBIC  CHEMICAL  PROCESSES  IN  RESERVOIRS : 
PROBLEM  DESCRIPTION  AND  MODEL  FORMULATION 


PART  1:  INTRODUCTION 


Background 


1.  Many  Corps  of  Engineers  (CE)  reservoirs  have  within  the  hypo- 
linmion  low  concentrations  of  dissolved  oxygen  and  high  concentrations 
of  products  of  anaerobic  transformation;  consequently,  these  concentra¬ 
tions  occur  in  waters  released  from  projects  having  bottom  withdrawal. 
Adverse  impacts  of  low  dissolved  oxygen  in  reservoirs  and  their  releases 
have  included  harmful  effects  on  aquatic  biota,  such  as  fish  kills;  loss 
of  project  benefits  from  excessive  growth  of  aquatic  vegetation  and 
algae;  increased  operation  and  maintenance  costs,  especially  as  a  result 
of  corrosion;  and  increased  costs  to  downstream  water  users  due  to  in¬ 
creased  requirements  for  water  treatment. 

2.  Adding  oxygen  to  an  anoxic  hypolimnion,  either  through 
natural  or  mechanical  destratification,  will  rapidly  alleviate  many 
water  quality  problems  caused  by  reduced  chemical  substances.  Improve¬ 
ment  in  water  quality  during  the  change  from  anaerobic  to  aerobic  condi¬ 
tions  is  a  consequence  of  the  oxidation  of  metals  and  nutrients,  which 
produces  speciation  and  solubility  changes  that  benefit  water  quality. 

In  some  CE  reservoirs  suffering  from  severe  anaerobic  conditions, 
mechanical  aeration  may  be  an  acceptable  means  of  alleviating  the 
associated  water  quality  problems. 

3.  Artificial  mixing  and/or  destratification  of  the  anoxic  hypo¬ 
limnion  to  improve  water  quality  has  been  attempted  in  a  number  of 
stratified  waterbodies.  Several  researchers  have  studied  the  effect  ot 
aeration  on  nutrient  availability  in  reservoir  water  (Bernhardt  1967; 
Cooley  et  al.  1980;  Strecker  et  al.  1977).  Results  indicate  that  in¬ 
creasing  the  dissolved  oxygen  content  of  the  anoxic  water  results  in 
decreases  in  the  concentrations  of  manganese,  iron,  ammonia,  hydrogen 


sulfide,  and  phosphorus.  The  transformation  rates  of  iron,  manganese, 
and  phosphorus  in  reservoir  waters  are  dependent  upon  the  effects  of 
pH  and  oxidation  state.  High  concentrations  of  organic  matter  in  sur¬ 
face  waters  also  affect  soluble  iron  levels  due  to  the  formation  of 
organic  complexes. 

4.  Several  attempts  have  been  made  to  quantify  oxidation  rates 

of  reduced  species  found  in  water.  However,  with  the  exception  of  redox 
potential,  the  effects  of  various  environmental  factors  on  the  trans¬ 
formation  rates  of  iron,  manganese,  phosphorus,  sulfur,  and  nitrogen 
have  not  been  well  established.  Effects  of  mixing,  redox  potential, 
temperature,  sediment  type,  and  other  environmental  parameters  on  trans¬ 
formation  rates  of  nutrients  and  other  contaminants  must  be  known  prior 
to  evaluation  of  any  theoretical  model. 

5.  Existing  modeling  approaches  do  not  adequately  predict  the 
many  chemical  ramifications  of  aerobic  processes  that  occur  in  res¬ 
ervoirs,  although  several  models  of  pertinent  individual  processes  do 
exist.  Moreover,  present  techniques  give  an  ineffective  characteriza¬ 
tion  of  the  sources  and  extent  of  reaeration,  the  development  of  aerobic- 
conditions  in  a  previously  anaerobic  hypolimnion,  the  mobilization  and 
immobilization  of  nutrients  and  contaminants,  and  the  rates  at  which 
these  processes  occur.  Managers  lack  the  capability  to  evaluate  various 
alternative  methods  for  encouraging  or  reducing  these  processes  or  to 
determine  the  amount  of  reaeration  required  for  improvement  of  impound¬ 
ment  water  quality. 

6.  Field  and  laboratory  investigations  of  chemical  processes 
associated  with  low  oxygen  concentration  and  anoxic  conditions  in  res¬ 
ervoirs  have  been  conducted  by  the  Environmental  Laboratory,  Waterways 
Experiment  Station  (WES).  Results  of  these  studies  have  been  compiled 
and  used  to  formulate  a  description  of  anaerobic  conditions  (Gunnison 
and  Brannon  1981).  The  present  report  offers  a  description  of  the 
transition  from  anaerobic  to  aerobic  conditions  in  reservoirs  and 
proposes  the  chemical  equilibrium  model  GEOCHEM  and  a  reaction  rate 
model,  RE-AERS,  as  basic  models  which  function  according  to  this  de¬ 
scription.  The  models  will  be  incorporated  into  the  WES  one-dimensional 


6 


reservoir  water  quality  model  CE-QUAL-R1  (Environmental  Laboratory  1982) 
as  a  part  of  the  Environmental  and  Water  Quality  Operational  Studies 
(EWQOS)  Task  IB. 2. 


7.  The  objectives  of  this  study  were:  (1)  to  compile  and 
organize  existing  information  on  aerobic  processes  occurring  in  lakes 
and  reservoirs;  (2)  to  identify  important  aerobic  chemical  processes, 
particularly  those  dealing  with  oxidation  of  reduced  chemical  species 
that  were  accumulated  during  periods  of  anaerobic  conditions  and  also 
those  that  were  important  in  shifting  chemical  species  from  tht  .s- 
solved  to  the  particulate  phase;  (3)  to  incorporate  these  proct  s  into 

a  unified  format  of  aerobic  subroutine;  and  (4)  to  provide  repr  nta- 

tive  rate  data  for  the  various  processes,  as  obtained  in  labor, 
and  field  studies.  The  proposed  aerobic  model  is  intended  for  in 

conjunction  with  the  previously  developed  anaerobic  subroutine  (Gunnison 
and  Brannon  1981)  to  deal  with  water  quality  problems  in  reservoirs. 
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PART  I  l  • 


AKROBIf  CHEMICAL  TRANS FORMAT  I ONS  IN  REAERATED  OR 
DKSTRAT I  F 1  F.D  KK SERVO  i  R  ECOSYSTEMS 


Literature  Review 


Dissolved  oxygen  and  the  oxidation- 
reduction  system  in  reservoirs 

8.  Oxygen  solubility  is  directly  proportional  to  the  partial 
pressure  of  oxygen  in  the  gas  phase  and  decreases  in  a  nonlinear  manner 
as  temperature  increases.  To  date,  most  measurements  of  the  oxidation- 
reduction  status  of  the  water-sediment  system  have  involved  redox  po¬ 
tential,  Eh  or  E„  (Eh  corrected  to  pH  7).  The  theoretical  Eh  of  water 
containing  dissolved  oxygen  can  he  expressed  as: 


Eh  =  E  - 
o 


whe  re 


At 


K  =  standard  oxidation  potential  voltage 
F  =  Faraday  constant  in  heat  units 
R  =  the  gas  constant 
T  =  the  absolute  temperature 


aOH 

=  t  he  activity 

of  hydroxy  1 

i  oils 

P°2 

=  t  he  pa  i  t i a  1 

pressure 

o  t 

oxygen 

a  t  m , 

1 8°C ,  Equa t ion 

( ! )  may 

he 

rewr i 1 1  en 

U) 


Eh  =  I  .2  14  -  0.058  pll  +  0.0145  log  p0.,  (2) 

With  this  equation,  a  redox  potential  of  about  800  mV  can  be  calculated 
for  oxygen-saturated  natural  surface  water.  i  ..served  potentials  in 
oxygenated  lake  water  are  usually  lower,  approximately  400  to  600  mV, 
(Hutchinson  1957).  In  accordance  with  Equation  (2),  the  redox  poten¬ 
tial  of  an  aerated  water  system  is  relatively  insensitive  to  oxygen  con¬ 
centration.  Only  a  30 -mV  decrease  in  Eh  was  observed  when  the  oxygen 


r 


concentration  decreased  from  100  to  0.1  percent  saturation  in  water. 

Thus,  a  shift  from  oxidizing  to  reducing  conditions  will  not  occur  until 
the  oxygen  supply  has  been  nearly  exhausted  (Greenwood  1962).  The  verti¬ 
cal  distribution  of  Eh  in  lake  waters  has  been  monitored  numerous  times, 
with  typical  values  of  lake  water  surfaces  ranging  from  420  to  520  mV 
(Hutchinson  1957).  In  hypolimnetic  waters  of  meromictic  lakes,  Eh  can 
decline  to  approximately  80  mV.  Much  lower  Eh  values  are  expected 
within  the  sediments  (i.e.  -150  mV  and  lower).  Under  oxidative  condi¬ 
tions,  the  Eh  of  the  oxidized  layer  appearing  at  the  water-sediment 
interface  is  about  100  mV  or  higher.  Similar  Eh  distribution  patterns 
have  also  been  recorded  in  flooded  soil  systems  such  as  rice  paddy 
fields.  Below  the  oxidized  microzone,  sediment  Eh  is  invariably  from 
0  to  about  -200  mV,  similar  to  the  values  recorded  for  flooded  soils 
(Chen  et  al.  1979;  Bell  1969;  Turner  and  Patrick  1968).  Flooded 
soils  tend  to  reach  a  fairly  stable  pH  in  the  range  of  6.7  to  7.2 
( Ponnamperuma  et  al.  1966).  The  pH  of  acid  soil  high  in  iron  is  con¬ 
trolled  by  the  Fe2(0H)g-H20-CU2  system,  while  the  pH  of  calcareous  soils 
is  defined  by  the  partial  pressure  of  CO^  in  the  CaCO^-H^O-CO^  system. 

The rmal  stratification 

9.  Many  CE  reservoirs  develop  thermal  stratification,  resulting 
in  density  differences  between  water  layers  (Figure  1),  which  isolates 
the  hypolimnion.  This  isolation,  coupled  with  strong  oxygen  demand, 
usually  produces  a  low  dissolved  oxygen  concentration  in  hypolimnetic 
waters.  Associated  with  the  development  of  low  dissolved  oxygen  con¬ 
centration  is  the  release  from  the  sediments  into  the  water  of  products 
of  anaerobic  processes,  including  reduced  forms  of  iron,  manganese, 
reduced  organic  compounds,  nitrogen,  and  hydrogen  sulfide.  Many  of 
these  products  adversely  affect  the  quality  of  water  destined  for  human 
consumption,  recreation,  and  fishery  uses.  The  hypolimnetic  oxygen 
deficit  in  most  lakes  and  reservoirs  is  usually  due  to  the  biological 
and  chemical  decomposition  of  organic  matter;  the  clinograde  oxygen 
distribution  curve  shown  in  Figure  1  commonly  occurs  in  productive 
lakes  during  summer  stratification.  Under  such  conditions, 
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EPILIMNION 


A  TMOSPHERIC 
REAERA  TtON 


•  WARM  ISOTHERMIC 

•  A8UN0ANT  OXYGEN 

•  WARMWATER  FISHERY 

•  WA°M  TO  COLD  THERMAL  DISCONTINUITY 

•  VA.  ,TLE  OXYGEN 

•  MI-'.tD  FISHERY 

COLD  ISO THER mTc 

OXYGEN  LOW  OR  ABSENT  INCREASED 
CONCENTRATIONS  OF  SOLUBLE  FORMS 
OF  CONTAMINANTS  AND  NUTRIENTS 

•  COLDWATER  FISHERY  IF  OXYGEN  ADEQUATE 

- — *■  \/\- 


-  SEDIMENT 


REGION  OF  MATERIAL 
ADSORPTION  AND  RELEASE 


‘  TYPICAL  VERTICAL  TEMPERATURE  AND  DO 
DISTRIBUTIONS  DURING  STRATIFICATION 


Figure  1.  Thermally  stratified  reservoir  and  associated 
conditions  of  low  dissolved  oxygen  (DO) 

reaeration  of  anoxic  hypolimnetic  waters  is  minimal  until  destratifi¬ 
cation  occurs . 

10.  Biogeochemical  transformations  of  nutrients  and  metals  under 
anaerobic  conditions  differ  greatly  from  transformations  in  aerobic  en¬ 
vironments.  Microbial  and  biochemical  reactions  in  anaerobic  environ¬ 
ments  commonly  generate  high  concentrations  of  soluble  forms  of  iron, 
manganese,  ammonium,  phosphorus,  and  sulfide  that  can  yield  undesirable 
tastes  and  odors  or  even  toxic  conditions.  Release  of  nutrients  from 
sediments  to  overlying  water  may  also  support  undesirable  algal  blooms, 
although  significant  amounts  of  phosphorus  may  also  be  released  in  many 
types  of  lake  sediments  under  aerobic  conditions  (Holdren  and  Armstrong 
1980;  Lee  1970). 

11.  Mechanical  aeration  methods  have  been  used  to  improve  water 
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quality  ami  dissolved  oxygen  levels  ill  anoxic  hypo  1  i mn  1  a  of  some  strati¬ 
fied  reservoir  pro  i  its.  Figure  2  illustrates  one  type  of  mechanical 
aerator  along  with  several  other  methods  for  aerating  reservoir  releases 
Large-scale  mechanical  aeration  has  been  in  service  in  CK  reservoirs  at 
Allatoona  Lake  and  Clark  Hill  Lake  lor  many  years.  Alternating  aerobic 
and  anaerobic  conditions,  however,  by  periodically  introducing  air  into 
anoxic  hypolimnetic  waters,  may  reduce  costs  and  maintain  acceptable 
water  quality.  The  success  of  periodic  aeration  will  primarily  depend 
on  the  kinetics  of  oxidation  and  reduction  reactions  that  occur  in  the 
reservoir  hypo  1 imn i on . 


Figure  2.  Alternatives  for  air  or  oxygen  injection 
in  hydropower  projects 


12.  The  current  lack  of  knowledge  about  nutrient  transformations 
under  alternating  aerobic-anaerobic  conditions  and  of  nutrient  llux  in 
water  makes  it  impossible  to  predict  precisely  the  nutrient,  manganese, 
iron,  and  sulfide  levels  in  reservoir  water  at  a  given  time.  Available 
technical  information  does  not  appear  to  be  sufficient  to  forecast  water 
quality  in  newly  flooded  or  established  CK  reservoirs  under  reaerated  or 
naturally  destratified  conditions.  Therefore,  most  current  mechanical 

1 1 
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(lost rat i f icat ion  approaches  do  not  operate  at  maximum  efficiency  because 
the  reservoir  manager  does  not  know  when  procedures  should  he  initiated 
or  terminated. 

Types  and  sources  of 

nut r 1 ents  in  CK  reserve i  r  s 

lj.  Major  aquatic  plant  nutrients  in  reservoirs,  as  in  other  nat¬ 
ural  water  systems,  are  inorganic  carbon,  orthophosphate,  nitrate,  and 
ammonium.  Organic  forms  of  phosphorus  and  nitrogen  may  also  he  assimi¬ 
lated  by  organisms  or  converted  to  inorganic  forms  by  biological  or 
chemical  reactions.  Although  carbon  is  essential  for  growth  of  aquatic 
plants,  evidence  to  date  indicates  that  carbon  (in  the  form  of  CO^)  be¬ 
comes  limiting  only  under  highly  eutrophic  conditions.  Other  essential 
nutrients  for  growth  of  aquatic  plants  include  iron,  sulfur,  potassium, 
magnesium,  calcium,  boron,  zinc,  copper,  molybdenum,  manganese,  cobalt, 
sodium,  and  chlorine.  It  is  generally  agreed,  however,  that  nitrogen 
and  phosphorus  are  the  key  elements  in  controlling  the  growth  of  aquatic 
plants  in  most  freshwater  ecosystems. 

14.  Nutrient  sources  include  runoff  from  rural  areas,  agricul¬ 
tural  drainage,  atmospheric  precipitation,  urban  runoff,  nutrient  re¬ 
lease  from  reservoir  sediments,  and  eutrophic  inflow  waters  and  sediment 
from  upstream.  Because  of  the  nature  and  location  ol  most  CK  reservoirs, 
the  major  source  of  nutrients  entering  the  water  is  often  runoff  from 
cultivated  agricultural  lands.  Excessive  nutrients  can  also  originate' 
from  poorly  managed  forest  lands  and  mines.  Nutrient-enriched  runoff 
from  feedlots  and  from  cattle  grazing  near  the  reservoir  are  other 
important  sources.  Furthermore,  reservoir  sediment  often  contains  high 
concentrations  of  nutrients  which  may  be  released  to  the  overlying  water 
through  anaerobic  nutrient  cycles,  even  when  external  nutrient  loadings 
are  reduced.  Consequently,  for  any  given  reservoir,  all  potential 
sources  must  be  studied  to  predict  the  degree  of  eutrophication. 

15.  Problems  with  excessive  nutrient  loading  and  high  dissolved 
oxygen  demands  in  reservoirs  frequently  are  most  intensive  during  the 
first  few  years  of  impoundment.  New  reservoirs  are  not  only  subjected 
to  external  (allochthonous)  loadings,  but  also  contain  a  significant 
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internal  (autochthonous-)  loading  and  oxygen  demand  resulting  from  the 
decomposition  of  inundated  herbaceous  plants,  litter,  leaves,  and  organ¬ 
ically  rich  topsoil.  In  contrast,  decomposition  of  woody  plant  material, 
such  as  trees,  probably  is  not  a  significant  cause  of  eutrophication  and 
high  dissolved  oxygen  demand  because  this  material  degrades  slowly.  Ef¬ 
fective  pre impoundment  management  and  site  preparation  policies  cannot 
be  formulated  until  sufficient  information  is  obtained  on  the  relative 
importance  of  various  materials  as  sinks  for  dissolved  oxygen  and  sources 
of  nutrients. 

lb.  Most  nutrients  entering  CE  reservoirs  are  from  nonpoint 
sources  which  cannot  be  controlled  by  the  CE;  however,  the  CE  can  limit 
internal  nutrient  regeneration  through  project  design  and  operation 
(Keeley  et  al.  1978).  Generally,  any  procedure  that  maintains  dissolved 
oxygen  concentrations  of  at  least  2.0  mg/£  in  a  reservoir  hypoliinnion 
will  minimize  the  impact  of  anaerobic  nutrient  regeneration  (Mortimer 
1941,  1942;  Fillos  and  Molof  1972).  Alternatively,  restoration  tech¬ 
niques,  such  as  dredging  to  remove  nutrient-laden  sediments  from  the 
reservoir  or  hypolimnetic  aeration  to  increase  dissolved  oxygen  levels, 
may  limit  oxygen  depletion  in  hypolimnetic  waters. 

Changes  of  redox 
status  i n  reservoirs 

17.  In  an  aqueous  system,  the  degree  of  oxidation  is  limited  by 
the  electrochemical  potential  at  which  water  becomes  unstable  and  is 
oxidized  to  molecular  oxygen  (Baas  Becking  et  al.  1960).  Within  the 
limits  imposed  by  the  stability  of  water,  oxidation  states  ol  elements 
are  affected  by  redox  potential.  The  measured  redox  potential  is 
largely  determined  by  a  few  of  the  more  abundant  elements  (Bohn  1971 ) - 

18.  Stumm  and  Morgan  (1981)  and  Bohn  (1971)  emphasized  that 
natural  waters  are  in  a  highly  dynamic  state.  Measuring  the  redox 
potential  in  natural  aquatic  environments  may  lead  to  erroneous  results 
because  no  single  oxidation-reduction  potential  (Eh)  electrode  can  re¬ 
liably  measure  the  redox  potential.  For  example,  Eh  is  inaccurately 
measured  by  a  platinum  electrode  in  oxygenated  natural  waters  because 
the  electrode  is  unstable  in  the  presence  of  molecular  oxygen. 
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19.  Microbial  activity  can  alter  the  oxidation-reduction  status 
of  reservoir  waters.  In  the  presence  of  oxygen,  autotrophic  microbes 
(including  nitrifying  bacteria,  ferrous  iron-oxidizing  bacteria,  sulfur- 
oxidizing  bacteria,  methane-oxidizing  bacteria,  and  hydrogen-oxidizing 
bacteria)  derive  their  energy  from  oxidizing  reduced  inorganic  compounds. 


These  microbes 

depend  primarily  on 

C0^  fixation  for  their 

carbon.  Prin 

cipal  components  of  a  biochemical 

redox  cycle  in  aquatic 

ecosystems  are 

listed  in  the 

tabulation  below. 

Microbia 1 

Principal 

F.nergy  Source 

F.  1  ect  ron 

Process 

React  ion 

(Fleet  roil  Donor) 

Acceptor 

+  - 

+ 

Nitrification 

NH.  ■>  NO.. 

NIL 

0  , 

9  J 

9 

> 

S  oxidation 

H.,S  -  S()‘2 

h2s 

°2 

Fe  oxidation 

p  +2  p  +3 

re  *  re 

Fe+2 

°2 

Mn  oxidation 

+  2  +4 

Mn  *  Mn 

Mn+2 

°2 

Chemical  transformations  in 
aquatic  environments  during 
reaeration  or  destra t i 1 i ca t i on 

20.  In  the  presence  of  oxygen,  biological  decomposition  ot  or¬ 
ganic  matter  proceeds  rapidly  in  a  sediment -water  ecosystem.  Oxygen 
may  be  introduced  into  anoxic  water  by  hypolimnetic  aeration  or  natural 
destratification.  Introduction  of  oxygen  changes  the  redox  status  ol 
anoxic  waters  and  may  reduce  the  solubility  and/or  concentrations  ol 
various  nutrients  and  contaminants  in  the  water  column,  thus  eliminating 
certain  adverse  conditions  associated  with  eutrophication  (Martin  and 
Meybeck  1979).  A  dissolved  oxygen  concentration  of  about  5  mg/1,  has 
been  successfully  maintained  in  the  hypolimnia  of  small  reservoirs  by 
artificial  oxygenation  (Fast  et  al.  1975;  Smith  et  al.  1975). 

21.  The  following  section  briefly  describes  nutrient  and 
contaminant  cycles  in  aquatic  eco systems  and  the  respective  oxidation 
processes . 

22.  Carbon.  A  carbon  (C)  pathway  in  an  aquatic  environment  is 
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outlined  in  Figure  3.  Details  of  methane(CH^)-product ion  processes  in 
reduced  sediments  have  been  clearly  proposed  and  documented  by  Stadtman 
(1967).  Stratified  reservoirs  normally  do  not  produce  large  quantities 


Figure  3.  Outline  of  pathways  of  carbon  in  aquatic  environments 

of  methane  if  the  sediments  contain  dissolved  sulfate.  Theoretically, 
methanogenes i s  does  not  start  until  sulfate  is  completely  depleted 
(Ponnamperuma  1972).  Carbon  dioxide  (CO^)  is  then  utilized  by  microbes 
in  the  methane- formi ng  process  in  a  highly  reduced  aquatic  environment. 
Increasing  temperature  enhances  methane  production  (Mallard  and  Frea 
1972).  No  significant  methane  evolution  was  detected  at  temperatures 
at  or  below  10°C  during  a  reservoir  simulation  study  in  a  WES  labora¬ 
tory  (Chen,  unpublished  data). 

23.  Internal  carbon  cycling  by  methane  oxidation  in  aerated 
aquatic  environments  occurs  in  a  narrow  band  within  the  thermocline 
during  summer  stratification  (Patt  et  al.  1974;  Rudd  and  Hamilton  1975). 
Methane,  which  is  biologically  inert  in  the  absence  of  oxygen,  can  be 
converted  to  carbon  dioxide  and  cellular  material  in  the  presence  of 
oxygen.  Several  field  studies  (Reeburgh  1969;  Howard  et  al .  1971)  have 
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confirmed  that  methane  is  always  present  in  the  anoxic  bottom  sediment 
and  is  released  to  the  overlying  water.  Estimated  methane  cycling  in 
Lake  Mendota,  Wisconsin,  is  summarized  by  Fallon  et  al.  (1980)  (see 
tabulation  below*).  High  diffusion  rates  ol  methane  through  sediment 
seem  to  contribute  to  an  increase  in  methane  oxidation  rates,  and 
methane  oxidation  rates  in  aquatic  environments  increase  as  the  con¬ 
centration  of  oxidized  inorganic  nitrogen  increases.  In  Lake  Mendota 

during  summer,  for  example,  the  methane  oxidation  rate  was  approximatel 
2 

23.3  mmol/m  /day--a  rate  equivalent  to  43  percent  ol  the  methane  produc 
tion  rate  in  anoxic  sediment  (Fallon  et  al.  1980).  During  destratifica 
tion  in  the  fall  overturn,  the  concentration  of  total  methane  in  Lake 
Mendota  waters  decreased  by  90  percent.  Methane  oxidation  in  Lake 

Met  ha  lie  Cy  c  1  i  ng 
Carbon^ 

mmol/m  Percent  Met hane 

999.5  45 

181.7  8 

1,028.8  47 

2,210 

CajMioiy  Cyc  1  i  ng 
Carbon.,  Percent  Carbon 

mmol/m^/day  Sedymented^ 

Process 

Methane  produced  by 

deep  sediments  35.8  54 

Sedimentation  of 

particulate  organic 

carbon  b7 . 5 


*  Material  reproduced  by  permission  of  American  Society  of  Limnology 
and  Oceanography,  Inc.,  Grafton,  Wis. 


Process 

Methane  oxidized 

Methane  released  to 
atmosphere 

Hypolimnetic  methane 
accumulat ion 

Total  methane  produced 


16 


Tanganyka,  East  Africa,  a  deep  meromictic  lake,  occurred  mainly  within 

a  narrow  zone  at  the  boundary  of  the  seasonally  mixed  layer  and  the 

permanently  anoxic  bottom  waters;  the  methane  oxidation  rate  there 

2 

varied  seasonally  from  3.8  to  5.8  mmol/m  /day  (Rudd  1980).  Howard  et  al. 
(1971)  noted  that  the  methane  oxidation  rate  may  actually  be  much  less 
than  actually  measured,  since  most  of  the  studies  were  based  on  isolated 
systems  in  which  the  substrate  was  not  continuously  renewed. 

24.  Nitrogen.  Lake  sediment  is  generally  considered  to  be  a 
nitrogen  (N)  reserve  in  aquatic  environments.  Total  N  contained  in 
surface  sediment  may  range  from  0.1  to  4  percent,  depending  on  sediment 
characteristics  and  calcium  carbonate  (CaCO^)  content.  The  nitrogen 
cycle  in  an  aquatic  environment  is  strongly  influenced  by  the  dynamics 
of  a  particular  lake.  The  nitrogen  cycle  in  a  sediment-water  system  as 
outlined  by  Chen  (1971)  is  shown  in  Figure  4.  The  net  concentration  of 
various  N  species  depends  on  the  rates  of  N  immobilization,  mineraliza¬ 
tion,  nitrification,  and  denitrification.  In  bottom  waters  of  strati¬ 
fied  eutrophic  reservoirs,  nitrate  (NO,,)  declines  to  nil  as  oxygen  is 
depleted  and  ammonium  (NH,)  begins  to  accumulate  during  summer  strati fi- 

^  -f 

cation  (Hutchinson  1957).  High  NH^-N  levels  in  anoxic  bottom  waters 
are  caused  by  release  of  NH*  from  sediments  and  decomposition  of  set¬ 
tling  sestonic  material  (Serruya  and  Berman  1969).  Therefore,  under 
anaerobic  conditions,  net  N  mineralization  is  characteristically 
greater  than  under  aerobic  conditions  (Greenwood  and  Lees  1956). 

25.  Aeration  of  an  ammonium-rich  hypolimnion  will  lead  to  the 
disappearance  of  NH^  and  the  formation  of  oxidized  forms  of  N.  The  net 
reactions  are  expressed  as 

NH?  +  20„  -*  NO"  +  H„0  +  2H+ 

9  2  3  2 

The  aerobic  conversion  of  NH^  to  NO^  is  a  normally  considered  as  a  first 
order  reaction  (Endelmann  et  al.  1973;  Misra  et  al.  1974;  Selim  and 
Iskandar  1981)  .  Hall  and  Murphy  (1980)  demonstrated  that  nitrification 
is  zero  order  for  substrate  and  first  order  for  microbial  activity. 
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ATMOSPHERE 

external  n  sources 


GROUND  WATER 


Figure  4.  Outline  of  pathways  of  nitrogen 
in  aquatic  environments 

However,  nitrification  reaction  was  proposed  as  a  zero  or  a  pseudozero 

order  reaction  by  others*  (Wong-Chong  and  Loehr  1975)  Oxidized  forms 

of  N  produced  from  NH^  oxidation  do  not  appear  until  about  1  week  after 

aeration  (Chen  and  Morris  1972)  because  biological  reactions  dominate 

the  conversion  of  NH,  to  N0_  in  aquatic  environments.  Nitrification  has 

4  J 

been  shown  to  be  carried  out  by  both  autotrophic  and  heterot roph i c  mi¬ 
crobes.  Conditions  at  the  water-sediment  interface  have  a  major  impact 
on  the  N  balance  of  aquatic  environments  (Keeney  1972,  1973):  if  sedi¬ 
ment  or  bottom  water  has  a  high  oxygen  demand,  nitrate  rapidly  dis¬ 
appears  once  the  supply  of  oxygen  is  discontinued.  Unless  the  bottom 


*  Personal  Communication,  S.  W.  Johnson,  1978,  Research  Assistant,  Keck 
Laboratory,  California  Institute  of  Technology,  Pasadena,  California. 
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waters  .ire  completely  anoxic,  nitrification  should  proceed  just  above 
the  water-sediment  interface  (Lee  1970). 


26.  A  field  study  (('lien  et  al.  1979)  demonstrated  that  nitrifi¬ 
cation  begins  soon  after  aeration  of  the  ammonium-enriched  hypol lmnion . 
However,  nitrate  formation  in  a  stratified  reservoir  is  limited  to  a  few 
weeks  due  to  the  depletion  of  ammonium  (Wirth  and  Duns l  19t>7,  Chen  et  al. 
1979).  Additional  ammonium  released  from  sediments  during  aeration 
would  not  he  significant  because  N  immobilization  is  enhanced  in  the 
presence  of  oxygen  (0  )  . 

27.  Nitrification,  den  i  t  r  i  f  i  ca  t  i  on  ,  and  NO.^  immobilization  may 
proceed  simultaneously  in  an  aerated  hypol  mini  on,  but  Ml,  liiimobi  1  iza- 
tion  probably  is  minimal  (Keeney  1972).  A  nonquant i t at i ve  conversion 
of  NH^  to  NO  indicates  that  denitrification  mechanisms  operate  in 
aerated  hypol imnetic  environments.  Accumulation  of  NO.,  must  also  be 
considered  in  t fie  overall  N  balance  because  the  lack  of  microbial  popu¬ 
lations  in  the  water  column  may  result  m  NO,  acoumu 1  a t i on .  In  an 
eutrophic  impoundment,  Brezonik  and  Lee  (1968)  estimated  that  the  rate 
of  nitrogen  disappearance,  presumably  due  to  denitrification,  was 
approximately  0.32  mg  N/L/day. 

28.  Phosphorus.  The  rate  at  which  sediment  acts  as  a  source  or 
sink  for  phosphate-phosphorus  largely  depends  on  the  redox  status  and 
pH  of  the  aquatic  environment.  The  most  important  forms  of  phosphorus 
in  lake  sediment  are  bound  in  amorphous  iron  hydroxy  complexes  (Syers 
et  al.  1973).  Rural  runoff,  wastewater  discharge  from  municipal  and 
industrial  sources,  and  urban  runoff  are  generally  the  major  phosphate 

(PO,  )  sources  tor  lakes  and  reservoirs  (Lee  196t>);  precipitation  and 

4  -  } 
groundwater  seepage  furnish  relatively  little'  PO^  in  most  aquatic  eco¬ 
systems.  Release  of  PO,  ^  from  sediment  to  water  is  highly  correlated 
with  the  iron  content  of  surface  sediment.  Syers  et  al.  (1973)  reviewed 
the  PO^ *  cycle  in  a  water-sediment  system  and  outlined  the'  phosphorous 
(P)  cycle  as  depicted  by  th  '  following  schematic  pathway  (Figure  3). 

29.  In  recent  years,  it  has  been  generally  concluded  that  sedi¬ 
ments  can  act  as  a  buffer  to  maintain  a  certain  level  ol  PO  ^  m  over- 
lying  water  (Pomeroy  et  al.  196.9;  Stumm  and  Leckie  1971).  Phosphate' 


Figure  5.  Interchange  between  water  and  sediment 
P  compartments  (P.  =  inorganic  P;  P  =  organic  P) 
(from  Syers  et  al!  1973,  reprinted  By  permission 
of  the  American  Society  of  Agronomy,  Madison,  Wis.) 


transport  across  the  sediment-water  interface  or  "active  sediment  layer' 
plays  an  important  role  in  the  phosphorus  status  of  lake  waters  (Arm¬ 
strong  1980).  The  rate  of  transport  is  controlled  by  the  physical, 
chemical,  and  biological  characteristics  of  the  aquatic  system.  The 
enhanced  release  of  sediment  P  under  anaerobic  conditions  is  well  docu¬ 
mented  (Golterman  1977);  increasing  temperature  or  lowering  the  0  con- 

-3  ^ 

centration  in  the  overlying  water  increases  PO,  release  rates  (Holdren 

4  -3 

and  Armstrong  1980).  Sediment  resuspension  removes  dissolved  P0^  from 
the  water  column;  however,  a  more  dispersed  state  of  the  suspension  may 
result  in  a  higher  level  of  particulate  inorganic  P  in  overlying  water 
because  of  the  presence  of  colloidal  inorganic  P.  Release  of  inorganic 
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P  from  sediment  to  the  overlying  water  is  influenced  by  the  forms  of 
inorganic  P  present  and  by  the  rate  and  extent  of  the  interaction  of 
these  forms  with  the  aqueous  phase  (Syers  et  al.  1970,  1973;  Ryden  et  al 
1973).  The  importance  of  the  P  contribution  from  sediment  to  the  over- 
lying  water  will  decrease  as  lake  depth  increases  and  lake  surface 
decreases . 


30.  Redox  potential  plays  a  major  role  in  the  chemical  and  physi- 
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cal  mobility  of  PO,  in  water-sediment  environments.  Release  of  PO, 

4  4 


from  sediment  to  water  is  highly  dependent  on  diffusion  rate  and  turbu¬ 


lent  mixing  (Lee  1970).  Iron  in  surface  sediment  and  hypolimnetic  water 


+2  +3 

undergoes  oxidation  from  ferrous  (Fe  )  to  ferric  (Fe  )  as  anoxic  hypo- 


limnetic  waters  pass  through  an  oxygenation  cycle.  Adsorption  of  PO^ 
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on  ferric  oxides  is  particularly  important  in  regulating  inorganic  P0^ 
mobility  in  overlying  water  (Mortimer  1941,  1942;  Williams  et  al .  1971; 


Shukla  et  al.  1971;  Holford  and  Patrick  1981);  in  fact,  radioactive 


,-3 


tracer  studies  on  the  movement  of  inorganic  PO,  between  sediment  and 
-3  4 

water  show  that  PO^  concentrations  in  overlying  waters  are  mainly  reg¬ 


ulated  by  sorption  reactions  (Mayer  and  Gloss  1980,  Mortimer  1941,  Lee 


.-3 


1970).  Lake  sediments  can  serve  as  a  source  of  PO^  to  overlying  waters 


under  certain  environmental  conditions,  even  when  oxygen  is  present  in 

-3 

the  overlying  water.  However,  retention  and  release  of  PO^  from  sedi¬ 
ment  to  overlying  water  under  various  Eh  conditions  are  still  unclear 


-3 

since  PO  is  not  directly  involved  in  redox  reactions  in  aquatic  envi- 
4  -3 

ronments.  Release  of  PO^  to  water  increases  with  temperature  increase; 


temperature  effects  are  most  pronounced  in  calcareous  eutrophic  sedi¬ 


ments  (Holdren  et  al.  1977).  Holdren  et  al.  (1977)  contend  that  the 


.-3 


observed  P0^  release  from  sediment  to  the  overlying  water  probably  re¬ 


sults  from  a  decrease  in  the  sediment  redox  potential  instead  of  from 


,~3 


increased  dissolution  or  desorption  of  P0^  from  P-retaining  components 


in  nonca lea reous  sediments.  The  increase  in  temperature  increases  micro 
bial  activity  in  calcareous  sediment,  thus  depleting  0^  in  the  intersti¬ 
tial  water  and  reducing  ferric  iron  to  ferrous  iron,  with  subsequent 


release  of  PO  .  Vollenweider  (1976)  estimated  that  the  phosphorus 
4  2 

regeneration  rate  was  9.6  mg/m  /day  from  an  anoxic  sediment  in.  a 
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eutrophic  lake.  A  much  higher  regeneration  rate  (up  to  18  mg/m^/day  in 

Canadian  lakes)  was  reported  by  Lean  and  Charlton  (1976).  The  average 

release  rate  of  PO  ^  from  sediment  ranges  from  0.62  mg/m^/day  in  northern 

oligotrophic  soft  water  lakes  to  SI  mg/m^/day  in  calcareous  eutrophic 

lakes  in  southern  Wisconsin  (Holdren  and  Armstrong  1980). 

31.  I ron .  Although  iron  is  abundant  in  natural  water,  most  iron 

forms  are  poorly  soluble.  The  available  iron  content  of  hardwater 

calcareous  lakes  is  extremely  low  (Wetzel  1972).  Sediment  organic 

matter  and  chelating  agents  affect  solubility  and  precipitation  of  iron 

in  an  aquatic  environment.  Redox  pathways  of  iron  and  manganese  in  the 

aquatic  environment  are  shown  in  Figure  6.  The  presence  of  sultide  in 

+  3 

a  natural  water  system  indicates  that  Fe  has  been  completely  reduced 

+  2  +2 

to  Fe  ,  with  some  or  all  of  the  Fe  precipitated  as  FeS . 


SEDIMENT  IRON  PHOSPHATE  GRAVITATIONAL 

SETTLING 

Figure  6.  Outline  of  pathways  of  iron  and 
manganese  in  aquatic  environments 

32.  Introducing  0  into  an  anoxic  aquatic  environment  will  result 
1  +2 

m  the  rapid  oxidation  of  Fe  to  its  ferric  form  as  outlined  in  the 
following  expression: 
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2Fe+2  +  SH.jO  + 


0  ,  =  2Fe  (OH )  (s  )  +  4li+ 


This  rt\K  t  ion  is  extremely  sensitive  to  0  (Alex.iruler  1961  j,  and  the 
stable  metal  bonding  may  be  considered  irreversible  in  an  aerobic  sys¬ 
tem.  In  an  acid  environment,  where  auto-oxidat ion  ot  ferrous  iron  is 
not  possible,  the  acidophilic  microorganisms  including  Thiobaiillus 

(Ferrobacj  Hus  J  ter  rooxydaus  ran  cheinoau  tot  roph  1  ca  1  J  y  t'Diivcrt  Ke  t<> 

+  3 

Fe  '  Many  other  heterolrophic  iron-  and  manganese-ox  1 d 1 / 1 ng  bacteria 
also  contribute  to  the  formation  of  iron  and  manganese  oxides  in  lake 
sediments  (Wetzel  1975).  Linder  neutral  conditions,  the  rate  ot  ferrous 
iron  oxidation  is  first  order  with  respect  to  the  concentrations  of 
both  ferrous  iron  and  oxygen,  and  second  order  with  respect  to  hydroxide 
(Ghosh  1974).  Oxygen.it  ion  kinetics  of  ferrous  iron  are  reviewed  and 
summarised  by  Sung  and  Morgan  (1980)  (see  Table  1).  The  kinetic  equation 
for  far rous  iron  oxidation  is  generally  expressed  (.Stimuli  arid  Lee  1961, 
Morgan  and  Birkner  19bb)  .is: 


d  |  F  e  (  1  1_) ) 
dt 


2 

=  k  I Fe ( 1 1 ) 1  | 02 |  | OH' | 


Cl) 


w  fie  re 

k  =  the  oxidation  rate  constant 
|  |  =  molar  concentration  or  activity  of  substrate 

t  =  time 

Sung  and  Morgan  (1980)  proposed  the  following  general  rate  law  m  car¬ 
bonate  buffered  solutions  when  pH  is  less  than  7: 

) 

-  “jf1-1--  =  k  |  Fe  ( 1  I )  1  |  HO, |  I  Oil"]  (4) 

The  variation  of  k  with  different  alkalinities  is  due  to  differences 
in  ionic  strength  and  solution  temperature. 
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3.5.  The  low  solubility  of  iron  oxides  precludes  high  concentra¬ 
tions  of  iron  in  an  aerated  aqueous  system.  Thus,  oxygenation  of  iron- 
enriched  hypolimnetic  water  can  significantly  decrease  solubility  of 
ferrous  iron  (Symons  et  al.  1970). 

34.  The  influence  of  pH  and  redox  potential  on  the  valence  state 
and  speciation  of  iron  in  a  simple  aqueous  system  is  shown  in  Figure  7 
(Krauskopf  1967).  A  marked  interaction  between  redox  potential  and  pH 
in  controlling  iron  (Fe)  solubility  in  soil  solution  systems  was 
described  by  Patrick  and  Henderson  (1981).  High  solubility  of  iron  in 
an  acidic  aqueous  system  may  have  a  great  effect  on  Fe  concentration  in 
reservoir  waters  receiving  acidic  mine  drainage.  Ponnamperuma  et  al. 
(1967)  confirmed  ferric  oxyhydroxide  (Fe(OH)^)  and  ferrosoferric  hydrox¬ 
ide  (Fe. (0H)o)  participation  in  redox  equilibria  in  flooded  soils. 

Van  Breeman  (1969)  reported  that  the  equilibrium  between  ferric  and 
ferrous  iron  was  largely  governed  by  ill-defined  ferric  oxides  which 
were  intermediate  in  stability  between  amorphous  Fe(OH)^  and  lepido- 
croci te  ( y-FeOOH) . 

35.  At  steady  state  in  groundwater  (Ghosh  et  al.  196b)  or 
water  with  chemical  additives,  the  Fe+^  oxidation  rate  k  is  estimated 
to  be  2.01  x  lO1^  M  ^  •  atm  '  •  day  *  when  the  ionic  strength  was  ad¬ 
justed  by  NaClO^  to  0.020  M  (Sung  and  Morgan  1980)  at  25°G.  The  mean 
residence  time  of  Fe + ^  varied  from  4.3  to  54  minutes  (Ghosh  1974)  under 
aerobic  conditions.  Since  most  natural  waters  have  alkalinities  less 
than  300  mg/1,  as  CaCO^,  poor  buffering  capacity  lowers  the  oxidation 
rate.  Under  acidic  conditions  (pH  =  3),  half-life  time  lor  ferrous  iron 
oxidation  is  about  1000  days. 

36.  Surface  ionization  and  complexation  on  ferrous  hydroxide 
(^e2^3 ^2^)  (amorphous)  and  some  hydrous  oxides  of  metals  at  the  oxide/ 
water  interface  affect  the  absorption  behavior  of  dilute  heavy  metal 
ions  ( Davis  and  l.eckie  1978).  This  explains  why  the  concentration  ol 
Fe+^  and  Fe+'^  must  each  exceed  10  ^  M  •  L  /l.  (0.56  mg/L)  to  govern  Kh 
(Coursier  1952).  In  a  study  of  redox  potential  of  the  Fe(0H)^  -  Fe 
system,  Nhung  and  Ponnamperuma  (1966)  found  that  added  Fe(OH).^  was 
stable  in  a  flooded  soil  system  when  redox  potential  was  above  +200  mV. 

24 


SOLUBLE  TOTAL 


SPECIES  ACTIVITY 


0  2  4  6  8  10  12  14 


pH 

Figure  7.  Redox  potential-pH  diagram  indicating  the 
stability  field  of  common  iron  compounds  (adapted 
from  Krauskopf  1967,  reprinted  by  permission  of 
McGraw-Hill,  Inc.,  N.  Y.) 


37.  Organic  matter  and  other  decaying  vegetation  can  retard 

oxidation  of  ferrous  iron  even  when  dissolved  oxygen  is  present.  In 

+2  +3 

presence  of  iron-organic  matter  complexa t i on ,  the  Fe  -Fe  redox  con 

acts  as  an  electron  transfer  catalyst  for  the  oxidation  of  organic 

matter.  Complexation  of  iron  and  organic  matter  increases  as  pH  and 
+2 

the  organic-Fe  ratio  increase  in  aqueous  systems  (Theis  and  Singer 
1974).  The  following  diagram  outlines  the  ferrous  iron  oxidation  pro 
cess  in  the  presence  of  organic  matter: 


Fe  (II)  -organic  matter  Fe  (111)  -organic  matter  *  Fe  +  ^  +  oxidized 


organic  matter 

0.. 


organic  matter 


organ i c 
ma 1 1  e  r 


Fe(OH). 


38.  Manganese .  Oxidation-reduction  conditions  and  pH  are  two 
major  factors  that  affect  the  distribution  and  solubility  ol  manganese 
(Mn)  in  an  aquatic  environment.  An  outline  of  manganese  redox  pathways 
in  an  aqueous  system  can  be  expressed  as 

exchangeable  lorm 
i  acid  or  slightly  acid 


Mn  — 

reduc i b 1 e , 
insoluble  form 


Mn  organic  complex 


neutral  or  OH 


precipitated  as  MnCO  ^ ,  MnO,  Mn() ,  or  Mn(0ll); 
residual  form 


39.  Under  all  pH  conditions,  water-soluble  and  exchangeable  forms 

of  Mn  predominate  in  an  anoxic  aquatic  environment.  Compared  with  other 

+  2 

metals,  the  organic-Mn  complex  is  relatively  unstable.  Although  Mu 

+3  +A  +3  +  A 

Mn  ,  and  Mn  exist  in  natural  environments,  only  Mn  and  Mn  art- 

important  (Gotoh  and  Patrick  1973).  Manganese  is  normally  present  in 

+  2  + 

anoxic  soil  solutions  as  Mn  ,  MnHCO ^  and  as  organic  complexes.  the 
complex  nature  of  chemical  and  microbial  processes  in  natural  aquatic 
environments  makes  it  difficult  to  explain  the  behavior  of  manganese  in 
terms  of  a  simple  chemical  system. 

+  > 

AO.  Dissolved,  reduced  forms  ol  Mn  “  accumulate  in  an  anoxic 
hypo  1 imn ion ,  while  very  little  soluble  Mn  is  found  in  the  oxidized  sur¬ 
face  water  during  summer  stratification  (Hutchinson  1937).  Patrick  and 


Henderson  (1981)  concluded  that  soluble  Mn  is  responsive  to  pH,  but 

they  showed  no  precipitation  of  Mn  in  a  short-term  oxidation  study. 

+  2 

The  process  of  Mn  oxidation  appears  to  be  similar  to  that  of  iron, 

although  occurring  at  a  much  slower  rate.  However,  at  low  concent ra- 

+2  +2 
tions  Mn  oxidation  does  not  occur  as  readily  as  Ke  oxidation  within 

the  pH  range  of  most  natural  waters.  During  or  after  destratification, 

soluble  Mn  ^  diffuses  from  reduced  sediments  to  the  oxygenated  inter- 

+3  +4 

face,  is  sorbed  by  Ke  and  Mn  oxide  hydrates,  and  is  oxidized  to 
produce  Mn-enriched  nodules  ( Ponnampe ruma  1972).  Since  ferric  oxides 
have  a  high  sorption  capacity  for  Mn  ,  it  is  likely  that  a  considerable 
portion  of  the  Mn  can  participate  in  the*  <1  i  sso  1  ved-pa  rt  l  cu  1  at  e  cycle 
without  undergoing  redox  reactions. 

■f  2 

41.  Trans  forma t i  cm  of  soluble  Mn  in  a  CK  reservoir  (Kau  Halle 
Reservoir,  Wisconsin)  were  studied  during  1980,  and  the  results  are  pre¬ 
sented  in  Figure  8.  Manganese  (11)  was  detected  in  Kau  Halle  Reservoir 
waters  even  when  oxygen  was  present.  Reduced  manganese  (11)  was  also 
observed  in  Lake  Mendota,  Wisconsin,  waters  concurrently  with  oxygen, 

by  Delfino  and  Lee  (19b8).  Destratification  or  aeration,  which  made 
more  oxygen  available,  reoxidized  most  reduced  Mn  and  Ke  to  insoluble 
oxides  which  were  then  deposited  on  the  sediments.  Oxidation  of  reduced 
manganese  was  also  illustrated  by  the'  formation  ol  black  manganese  di¬ 
oxide  (MnO^)  on  rocks  in  the  tailwaters  of  dams  which  release  water  from 
anoxic  hypolimnia. 

■+■  2 

42.  Products  formed  from  the  oxidation  of  Mn  under  various 

pH  conditions  are  nonstoch iomet i c  and  amorphous.  Manganese  (11)  oxida¬ 
tion  reaction  rates  are  strongly  pH-dependent .  The  average  manganese 

oxidation  state  can  be  represented  by  MnO  (Morgan  1967)  or  by 

+2 . 3~2 .7 

Mn  (Hem  1981;  Emerson  et  al.  1982).  The  d i sappea ranee  of  re¬ 

duced  manganese  in  oxic  conditions  is  an  autocat a  1 yt i c  reaction  in 

aqueous  systems  (Stumm  and  Morgan  1981).  A  solid  phase  able  to  absorb 
+2 

Mn  ions  greatly  accelerates  the  reaction  by  facilitating  the  surface' 

In  the'  Cox  Hollow  Lake 
system,  Wisconsin,  about  40  to  30  percent  of  the  hypolimnetic  Mn  was 
associated  with  particulate  matter  in  the  entire  anoxic  water  column 


+2  +4 

electronic  transfers  from  Mn  to  Mn 
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Figure  8.  Changes  in  0,;  and  soluble  Mn  concentrations  with  time 
in  the  overlying  waters  of  a  stratified  CE  reservoir 

(Brezonik  et  al.  1969).  In  contrast  to  these  findings,  Delfino  and  Lee 
(1968)  reported  that  the  major  portion  of  Mn  in  Lake  Mendota  was  in  the 
soluble  form. 

43.  The  kinetics  of  Mn  2  oxidation  rate  may  be  expressed  as: 

-  — 1  =  kQ  [Mn+2|  +  k  |  Mn+2  |  |Mii02  ]  (5) 

dt 

where  kQ  and  k  are  rate  constants.  Stumm  and  Morgan  (1981)  sum- 

+2 

marized  the  rates  of  Mn  oxidation  in  an  aqueous  system  as  follows: 

. „  slow 

Mn  t  1/2  02  ■>  Mn02  (s) 

2  fast 

Mn  4  +  Mn02  (s)  -  Mn  -MnC^  (s) 

+?  slow 

Mn  •Mn02  (s)  +  1/2  02  *  2  Mn02  (s) 
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where  s  =  solid.  The  relationship  between  Mn  oxidation  rates  and  0 

+2  1 

concentrations  is  the  same  as  that  of  Fe  and  0^  concentrations,  so  k 
in  Equation  (5)  can  be  formulated  as: 

2 

k  =  k'  (OH')  P02  (6) 

44.  Oxidation  pathways  for  reduced  manganese  in  natural  water 
was  illustrated  by  Bricker  (1965)  and  Hem  (1981).  The  net  process  can 
be  summarized  as: 


1.  3Nn  2  +  1/2  0^  (aq)  +  =  Mn^O^(c)  (hausmanni Le)  +  6H+ 

2.  2Nn  2  +  1/2  (aq)  +  JH^O  =  2Mn00H(c)  (manganous  manganite)  +  4H 


where  c  =  precipitation.  The  reaction  rate  is  then  expressed  as: 


d  [Mn 


+2, 


dt 


=  k. 


[Mn+2] 


»  [Mil 
2  Mn  ppt 


+2, 


(7) 


+2 

where  Mn  represents  thermodynamic  activity  of  dissolved  unreacted 
manganese  and  represents  the  availability  of  reaction  sites  on 

the  surface  of  the  precipitated  manganese  oxide.  Both  hausmannite  anil 

2 

manganous  manganite  further  react  to  produce  one  of  the  forms  of  M11O'' . 

45.  Formation  of  an  organic-Mn  complex  can  enhance  colloid  sta¬ 
bility  when  hausmannite  and  manganous  manganite  settle  from  the  oxic 

zone  onto  the  surface  of  an  anoxic  sediment.  Manganous  manganese 
+2 

(Mn  )  is  removed  from  aerated  water  when  it  is  oxidized  to  Mn  oxides. 
Manganese  (II)  might  also  be  adsorbed  onto  suspended  particles  such  as 
particulate  Mn  or  ferric  oxides  (Bewers  and  Yeats  1978),  or  incorporated 
into  complex  particulate  matter  matrices.  Physical  settling  of  these 
particulates  would  account  for  the  observed  loss  of  Mn  from  the  water 
column  and  would  slow  oxidation  rates.  The  main  mechanisms  for  Mn 
removal  from  aerated  water  are  a  combination  of  oxidative  precipitation 
(Graham  et  al.  1976),  sorption,  and  complexation  reactions. 
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46.  Snl fur .  Sulfate  can  he  totally  depleted  while  hydrogen  sul¬ 
fide  or  reduced  sulfur  can  accumulate  in  anoxic  hypolimnetic  water  and 
sediment  during  summer  stratification.  Laboratory  results  have  shown 
that  sulfide  (from  detrital  sulfur)  in  anoxic  surficial  sediment  is  usu 
ally  liberated  during  the  first  few  months  of  anaerobic  decomposition. 
Poorly  soluble  compounds  containing  sulfide  and  heavy  metals  may  be 
formed  in  anaerobic  environments  (Jorgensen  1977).  In  fact,  the 
inorganic  chemistry  of  anoxic  water  near  sediments  is  dominated  by 
ferrous  sulfide  precipitation  (Davison  and  Heaney  1980).  At  10°C,  the 
solubility  product  for  ferrous  sulfide  at  near  zero  ionic  strength  is 
0.9  to  2.0  x  10  this  is  similar  to  a  laboratory  value  for  amorphous 

ferrous  sulfide  (Berner  1967).  Oxidation  of  sulfide  occurs  in  the  pres 
ence  of  oxidizing  agents;  the  presence  of  ferric  hydroxide  or  geothite, 
for  example,  will  oxidize  H^S  to  elemental  sulfur  which  can  then  be 

further  oxidized  to  a  saturated  polysulfide  solution  (Berner  1963). 

-2 

Sulfur  oxyacids  (S  0  )  are  theoretically  either  unstable  or  metastable 

J 

despite  their  detection  in  measurable  quantities  in  natural  waters 
(Jorgensen  et  al.  1979).  Sulfate  is  the  most  stable  main  end  product 
of  the  sulfide  oxidation  process  in  aerated  waters,  irrespective  of  pH. 
The  reaction  pathway  of  sulfide  oxygenation  was  summarized  by  Chen  and 
Morris  (1972)  thusly: 


+HS 


47.  This  reaction  pathway  indicates  that  chemical  sulfide  oxida¬ 
tion  occurring  at  the  anaerobic-aerobic  water  interface  undergoes  a 
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sul f i de-sul fur-polysul f ide  cycle.  Initial  oxidation  of  sulfide  to 
sulfur  is  a  possible  rate-determining  step.  Jorgensen  et  al.  (1979) 
demonstrated  that  dissolved  oxygen  and  H.(S  could  co-exist  in  the  inter¬ 
face  between  oxygenated  and  sulfide-bearing  waters. 

48.  Oxidation  of  sulfide  in  lake  and  reservoir  environments  is 

mainly  biologically  mediated,  but  chemical  oxidation  can  occur  (Engler 

and  Patrick  1973).  The  reaction  pathway  shown  previously  is  applicable 

only  to  chemical  oxidation;  biological  sulfide  oxidation  to  sulfur  can 

eliminate  the  rate-determining  step  of  initial  sulfur  formation.  Both 

chemical  and  biological  factors  may  subsequently  play  a  significant  rol 

in  further  oxidation.  Numerous  attempts  have  been  made  in  recent  years 

to  determine  the  kinetics  of  sulfide  oxidation  in  freshwater  systems. 

However,  results  of  these  investigations  show  considerable  disagreement 

(Hoffmann  and  Lim  1979).  Evidence  indicates  that  sulfide  oxidation 

+  2  +2 

rates  are  sensitive  to  trace  metal  catalysis  by  Mn  ,  Fe  ,  and  other 
reduced  metals  (Chen  and  Morris  1972).  Eventually  the  oxidation  is 
also  catalyzed  by  homogenous  and  heterogenous  organo-meta 1 l i c  complexes 
in  natural  aquatic  ecosystems  (Hoffmann  and  Lim  1979).  Oxidation  of 
both  sulfide  and  manganese  can  also  be  affected  by  the  presence  of  ka- 
olinite,  montmori  1  Ionite,  Fe(OH).^'ii  H.,0,  and  particulate  organic  matter 

49.  An  in  situ  study  using  a  radioactive  tracer  technique  indi¬ 

cates  that  sulfide  is  subject  to  rapid  biological  oxidation  and  has  a 
half-life  of  5-10  min,  producing  mainly  sulfate  and  thiosulfate  in 
the  chemoel ine  under  both  light  and  dark  conditions  (Jorgensen  et  al. 
1979).  The  rate  of  oxidation  to  sulfate  for  intermediate  compounds  in 
sulfide  oxidation  is  greater  for  ,  less  for  S.,0.^,  and  least  for  SJ 

(Wainwright  and  Ki Ilham  1980).  The  kinetics  of  aqueous  sulfide  oxida¬ 
tion  by  0^  is  pH-dependent  (Chen  1972),  and  oxidation  is  stimulated  by 
the  presence  of  N0^  (Wainwright  and  Ki Ilham  1980).  The  sulfide  oxida¬ 
tion  rate  is  slow  under  acidic  conditions  (pH  <  6)  where  H.,S  is  the 
predominate  species.  The  oxidation  rate  initially  increases  with  pH 
and  reaches  a  maximum  at  pH  8,  then  decreases  to  a  minimum  near  pH  9; 
the  rate  increases  again  as  pH  increases  to  near  11,  and  decreases 
under  more  alkaline  conditions. 
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Kquilibrium  Models  Depicting  Aernhie  Processes 
Water  quality  modeling 

50.  Use  ot  the  current  version  ot  the  CK-QllAl.-Rl  water  quality 
model  indicated  that  its  lack  ot  generality  and  chemical  orientation 
limited  its  use  as  a  predictive  tool  tor  water  quality  in  UK  reservoirs. 
Other  existing  water  quality  models  were  reviewed  and  evaluated  tor 
their  feasibility  use  as  a  subroutine  tor  the  UK-QUA1.-R1  model  to  simu¬ 
late  the  t rails  format  1 ons  ot  chemical  constituents  under  various  condi¬ 
tions  normally  found  in  UK  reservoirs;  the  resulting  single  integrated 
model  ( UK-QIIAI.-K  1  +  aerobic  subroutine)  would  he  more  useful  than  several 
overlapping  models.  As  a  consequence  ot  a  workshop  on  dissolved  partic¬ 
ulate  interactions,  the  chemical  equilibrium  model  M1NKQ1.  was  initially 
selected  as  a  basis  for  WKS ' s  aerobic  chemical  cha ract e r i za l i on .  The 
RKDKQK2-M  1  NKQl.-tlKOCIlK.M  series  ot  related  chemical  equilibrium  models 

can  provide  flexible  and  comprehensive  approaches  needed  to  study  water 
quality  in  UK  reservoir  ecosystems,  although  a  decision  was  made  re¬ 
cently  to  develop  a  rate  model  for  the  aerobic  subroutine  m  the 
UK-QUAh-Kl  model  (see  paragraph  til).  A  brief  discussion  ot  these  chem¬ 
ical  equilibrium  models  is  presented  i u  the  following  section. 

RKDKQI.2 

51.  KKDKQ1.2  (McDuff  and  Morel  1975)  is  a  computer  program 
written  in  FORTRAN  IV  and  is  mainly  used  to  calculate  chemical  equilib¬ 
ria  in  aqueous  systems.  The  principal  approach  ot  the  program  is  based 
on  the  Newt on-Raphson  method  (Conte  and  deBoor  1972)  for  digital  compu¬ 
tation  ot  chemical  equilibrium.  Chemical  compounds  or  complexes  in 
designated  aqueous  systems  are  expressed  as  functions  of  free  metal  and 
tree  ligand  concentration.  Kqui librium  constants  based  on  "critical 
stability  constants"  (Martel  1  and  Smith  1970-77)  for  each  independent 
reaction  are  stored  in  the  program  to  calculate  rate-balance  relation¬ 
ships.  RKDKQI.2  (Ingle  et  al.  1978)  has  the  data  necessary  to  compute 
solubility  and  comp lexat ion  reactions  between  55  metals  and  58  ligands. 
RKDKQI.2  call  also  calculate  24  standard  couples  of  redox  reactions;  mixed 
solid  reactions,  such  as  chlorite,  illite,  microcline,  and  dolomite; 
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and  adsorption  and  desorption  of  metal  ions  on  metal  oxides.  A  complete 
thermodynamic  data  deck  includes  a  program  of  chemical  equilibrium  in 
aqueous  systems  incorporating  a  system  of  788  soluble  species,  88  possi¬ 
ble  solids,  and  a  gas-phase  component  (Morel  and  Morgan  1972).  KEDEQL2 

was  applied  by  Hoffmann  and  Eisenreich  (1976)  to  predict  the  relation- 
+2  +2 

ship  between  Mu  and  Fe  in  the  hypol  minion  of  a  stratified  southern 
Wisconsin  lake  and  by  Morel  et  al.  (1978)  to  model  the  concentration 
of  trace  metals  in  wastewater  discharge.  RKDEQL  EPAK,  a  version  of 
REDEQL2  including  temperature  correction  tor  equi librium  constants, 
was  developed  recently  by  Ingle  et  al.  (1980). 

MINEQL 

82.  MINEQL  was  developed  to  provide  a  compact  version  of  REDEQ1.2 
tor  use  with  smaller  computers;  however,  a  full-size  computer  may  be 
required  to  execute  a  larger  scale  program.  MINEQL  differs  considerably 
from  REDEQL2  in  formatting,  but  applies  much  of  the  same  information  and 
definitions.  Basically,  the  equilibrium  constant  method  is  used  in 
MINEQL  tor  chemical  equilibrium  problems  of  aqueous  systems  (Westall 

et  al.  1976).  Thermodynamic  data  stored  in  MlNEQl.'s  data  file  contain 
38  metals  and  88  ligands.  Like  REDEQL2,  MINEQL  can  be  used  to  study 
spoliation  of  metals  in  algal  culture  media,  solubility  constants  for 
metal  chelates  in  complex  media,  degradation  of  ni t r i lot r i acet i c  acid 
(NTA)  in  natural  water,  and  chemical  equilibria  in  aqueous  solution 
(Westall  et  al.  1976,  Morel  et  al.  1976). 

GEOCHEM 

83.  GEOCHEM  was  initially  developed  to  describe  the  soil  solution 
system  in  its  entirety.  This  computer  program  calculates  the  equilib¬ 
rium  speciation  of  the  chemical  elements  in  a  soil  solution  based  on 
chemical  thermodynamics.  GEOCHEM  is  a  modified  version  of  I.E0EQL2, 
containing  more  than  twice  as  much  thermodynamic  data  as  REDEQL2 ;  it 
utilizes  thermodynamic  data  selected  for  soil  systems- and  employs  a  dif¬ 
ferent  subroutine  to  correct  thermodynamic  equi librium  constants  for 
the  effect  of  nonzero  ionic  strength.  Stored  thermodynamic  data  include 
36  metals  and  69  ligands  of  interest  in  soil  solutions. 

84.  Typical  applications  of  GEOCHEM  include:  (a)  predicting 
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the  concent  rat  ions  of  inorganic  and  organic  complexes  of  a  metal  cation 
ill  a  soil  solution,  (b)  calculating  the  concentration  of  a  particular 
chemical  form  of  a  nutrient  element  in  a  solution  bathing  plant  roots 
to  correlate  that  form  with  nutrient  uptake,  (c)  predicting  the  fate  of 
a  pollutant  metal  added  to  a  soil  solution  of  known  characteristics, 
and  (d)  estimating  the  effect  of  changing  pH,  ionic  strength,  redox 
potential,  water  content,  or  the  concentration  of  some  element  on  the 
solubility  of  a  chosen  chemical  element  in  a  soil  solution  (Sposito  and 
Matt igod  1979) . 

55.  Although  GEOCHEM  identifies  and  quantifies  many  of  the  chemi¬ 
cal  species  in  a  soil  solution  system,  it  is  presently  incapable  of  an 
all-inclusive  definition  of  a  particular  soil  solution  because  (a)  in¬ 
formation  on  the  precise  composition  of  soil  solutions  is  lacking  and 
(b)  the  GEOCHEM  data  base  does  not  contain  all  the  thermodynamic  data 
needed  to  characterize  the  soil  system. 

Implication  of  chemical  equilib¬ 
rium  models  jin  aquatic  environments 

56.  Although  many  computer  models  have  been  used  to  predict  and 
manage  water  quality,  lack  of  appropriate  kinetic  data  limits  the  vali¬ 
dation  of  ecological  computer  models.  Development  of  chemical  equilib¬ 
rium  models  for  water  quality  prediction  appears  to  be  relatively 
straightforward  (Morel  and  Yeasted  1977);  but  construction  of  a  complete 
kinetic  model  for  a  natural  water  system  is  exceedingly  complex  and  is 
further  complicated  by  the  lack  of  kinetic  information  (Hoffmann  1981). 
Construction  of  comprehensive  predictive  models  that  describe  natural 
water  chemistry  has  to  date  proved  impossible  (Pankow  and  Morgan  1981) 
because  of  the  complex  and  interdependent  nature  of  the  many  processes 
occurring  in  natural  waters.  The  complexity  of  natural  ecosystems  and 
their  matter  and  energy  inflows  and  outflows  make  closed-system  equilib¬ 
rium  models  only  poor  approximations  of  a  natural  aquatic  environment 
(Morgan  1967). 

57.  Based  on  an  updated  compendium  of  stability  constants 
(Martel  1  and  Smith  1976-77)  and  on  the  extensive  experimental  data  from 
research  studies  on  the  changes  in  iron  and  manganese  concent  rat  ions 
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during  thermal  stratification  in  a  highly  productive  dimictic  lake  ( Lake 
Nendota),  Hoffmann  and  Kisenreich  (1976)  have  successfully  verified  the 
capability  of  a  chemical  equilibrium  model,  a  modified  version  of 
KEDKQL2 ,  to  predict  unusual  seasonal  transformations  of  these  elements 
in  the  hypolimnetic  water.  Although  application  ol  the  equilibrium 
model  is  limited  by  the  reliability  of  available  equilibrium  cons t an t s , 
this  revised  model  is  capable  of  reproducing  reasonably  well  the  actual 
time-dependent  concentrations  of  Fe  and  Mn  m  the  hypo  1 i inn  1  on  ut  Lake 
Mendota  during  summer  stratification  (Hoffmann  and  Fisenreith  1981). 

58.  Application  of  equilibrium  models  such  as  RKDKyl.J  and  GKoCHKM 
to  analyses  of  biogeochemical  interactions  between  nutrients  and  micro¬ 
organisms  in  aquatic  environments  was  demonstrated  by  tliaimnatteo  et  a  1  . 
(1980).  They  showed  that  chemical  equilibrium  models  can  be  used  to 
isolate  variables  and  reaction  systems.  Nevertheless,  predictions  of 
chemical  equilibrium  models  are  probably  not  sufficient  to  interpret 

h i ogeochemi ca 1  processes  in  natural  environments.  Zimmerman  (1980) 
examined  the  feasibility  of  using  REDKQ1.2  to  predict  lead  and  phosphate 
transformations  and  the  effect  of  pH  on  the  availability  ot  these  ele¬ 
ments  in  an  aquatic  environment.  Zimmerman  acknowledged  that  unknown 
reaction  kinetics  were  the  primary  problem  in  applying  equilibrium  ca 1  - 
eolations;  he  noted,  however,  that  reasonable  agreement  between  equilib¬ 
rium  predictions  and  actual  chemical  spoliations  was  indicated  by  solid 
formation  when  some  of  the  initial  assumptions  were  modified  to  account 
for  slow  reaction  rates. 

59.  In  spite  of  limited  chemical  and  kinetic  information,  chemi¬ 
cal  equilibrium  models  still  provide  a  useful  technique  to  examine  the 
effects  ot  chemical  interactions  in  aquatic  environments  (Freedman 

et  al.  1980).  Currently,  chemical  equilibrium  models  have  been  widely 
applied  to  evaluate  the  effect  of  toxicity  assays  (Jackson  and  Morgan 
1978)  and  to  analyze  biogeochemical  processes  ot  trace  metals  in  aqu.it n 
environments  (Westall  1977,  Sibley  and  Mort  •'  1977,  Morel  et  al.  1975, 
Morgan  and  Sibley  1975).  Potential  utili  of  GF.OCHF.M  m  aquatic  en¬ 
vironments  was  also  demonstrated  by  Sposito  el  al.  (1980).  Sposito 
(1981)  used  the  program  to  calculate  the  equilibrium  speciation  m  acid 

55 


p  re  r  ijtit.it  inn  am)  t  a  predict  the  behavior  of  soluble  metals  in  natural 
water  wont  ami nated  by  municipal  wastes.  Chemical  equilibrium  models 
can  also  be  used  to  predict  the  interaction  of  heavy  metals  between 
solution  and  solid  phase  with  changes  in  pH  (The  is  and  Richter  1979). 
ill  general,  these  models  are  powerful  tools  for  predicting  chemical 
interactions  of  trace  metals  with  liquids  and  particulate  surfaces  and 
competition  among  metals  in  natural  waters  (Vueeta  and  Morgan  1978). 

t>0 .  The  practicality  of  using  chemical  equilibrium  models  has 
been  evaluated  recently  by  Nordstrom  et  al.  (1980).  Their  study  indi¬ 
cated  good  agreement  between  model  predictions  and  measured  data  for 
ina jo-  chemical  species  in  both  freshwater  and  seawater  systems.  The 
poor  agreement  found  for  the  minor  species  is  probably  due  to  dii  er- 
ences  in  the  thermodynamic  data  bases  used  by  various  equilibrium 
models.  Nordstrom  et  al.  (1980)  reviewed  over  JO  chemical  equilibrium 
models  and  concluded  that  a  great  deal  of  caution  must  be  exercised 
when  applying  an  equilibrium  chemical  approach  to  interpret  aquatic 
chemistry.  Research  investigation  must  evaluate  activity  coefficient 
calculations,  redox  assumptions,  temperature  corrections,  alkalinity 
correct i ons ,  and  other  environmental  corrections  required  lor  thermo¬ 
dynamic  considerations  to  provide  a  consistent  set  of  values. 

hi.  The  chemical  equilibrium  node  Is  such  as  NINKml.  and  t'lKOCHKM , 
based  on  thermodynamics  and  used  to  calculate  chemical  equilibria  in 
aqueous  systems  and  soil  solutions,  have  had  rather  limited  success  in 
predicting  seasonal  changes  and  chemical  special  ion  of  a  tew  elements, 
in  natural  water  systems,  equilibrium  models  are  generally  unable  to 
adequately  predict  b i ogeocliemi ca 1  processes.  This  is  especially  true 
during  the  transition  from  anaerobic  to  aerobic  conditions  in  reservoir 
when  reaction  kinetics  become  exceedingly  important.  In  such  a  situa¬ 
tion,  rate  models  which  rely  on  kinetii  data  are  a  better  choice  for 
accurately  predicting  water  quality. 


FAR  I  Ill:  RK-AK.RS--kKAl.RAT  I  ON  Sl'BKOl'T  I  NK 


62.  Natnr.il  dest  rat  i  1  1 1  at  1  on  m  mechanical  introduction  of  oxygen 
into  anoxic  aquatic  environments  rap  i  <1 1  y  reoxidi/es  some  reduced  chem¬ 
icals  such  as  sill  tide  and  ferrous  iron  dissolved  or  suspended  in  the 
water  column.  Other  oxidation  processes  such  as  nitrification  or 
manganous  manganese  oxidation  proceed  slowly. 

68.  This  section  of  the  report  describes  the  basic  structure  of 
the  aerobic  model  RK-AKRS,  or  RKAKRat ion  Subroutine.  Idle  overall 
organization  of  the  model,  its  various  components,  and  integration  of 
these  components  arc1  discussed  below. 


Model  Organization  and  Function 

64 .  The  manner  in  which  RK-AKRS  functions  is  depicted  in  fig¬ 
ure  9.  In  many  reservoirs,  thermal  st rat  i  f  i cat  ion  starts  and  continues 
from,  late  spring,  and  anaerobic  conditions  develop  in  each  water  layer 
in  the  hypo  1 i mil i on  (figure  9a)  in  the  sequence  proposed  hv  Gunnison  and 
Brannon  (1981).  Before  destratification  or  artificial  aeration,  hypo- 
limnetic  discharges  contain  dissolved,  reduced  manganese  and  iron, 
ammonium,  and  trace  amounts  of  other  reduced  chemical  species.  Due  to 
prolonged  oxygen  depletion  and  the'  large-  requirement  tor  oxidizahle 

carbon  sources,  the  topmost  layer  if  the  hypo  1 i mn i on  in  most  reservoirs 
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probably  will  not  proceed  beyond  accumulation  of  Ml,  or  Mn  (11) 
(Gunnison  and  Brannon  1981).  Met lianogenes i s  will  probably  never  be 
found  above  the  bottom  sediment  layers,  except  in  water  directly  under 
the  water-sediment  interface  (Figure  9a). 

65.  In  the  early  stages  of  destratification,  a  decrease  in  sur¬ 
face  temperature  increases  the  density  of  surficinl  water  which  sinks 
and  penetrates  the  metalimnion.  Destratification  occurs  when  the  depth 
of  the  epilimnion  increases  as  the  depth  of  the  hypoliinnion  decreases 
(Figure  9b,  .  The  metalimnion  is  lowered  as  a  result. 

66.  As  the  reservoir  gradually  cools,  vertical  water  circulation 
increases  until  all  lake  waters  are  included  in  th'  circulation,  and 
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a.  In  t he  stage  of  stratification,  DO  is  depleted  and  redo 
forms  of  elements  accumulate  in  the  hypo  1  iinn i on 


b.  Early  stage  after  destratification  starts 


c.  Completion  of  destratification:  well-mixed  over- 
lying  water  column  with  adequate  levels  of  DO 


Figure  9.  Thermal  stratification  cycle 
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tall  turnover  begins.  During  the  initial  stages  ot  ties  l  1  a 1  i  !  ;  e  .1  .  :  ■  u  , 
surface  water  that  is  close  to  oxygen-sat  11  rat  1  on  iireulates  deepei  into 
the  hypol  liimion.  When  rimil.it  ion  is  lomplete,  the  water  remains  satu- 
r.lteii  with  oxygen  at  temperature-dependent  levels  (Figure  hr).  II  1  gh  con- 
eeilt  r.l  t  i  oils  ot  dissolved  oxygen  are  otiserveil  in  the  ent  ire  water  1  o  1  iinin 
( ilea r  100  percent  saturation  or  supe rsa t u ra t  1  on  )  during  roolei  months. 

t>7.  Nerh. in  i  1  a  1  I  y  introducing  and  circulating  oxvgen  usually  im¬ 
proves  dissolved  oxygen  levels  in  a  slralitieil  reservoir.  For  total 
e  1  reu  I  at  1  on  ,  the  fold,  anoxie  hypo  1  1  inn  i  011  is  mixed  with  the  warmer  epi- 
I  1  inn  1 011  to  increase  oxygen  levels  in  bottom  water;  an  entire  water  body 
can  be  circulated  and  aerated  from  .1  single  site,  and  a  lake  will  even¬ 
tually  attain  .1  near- isotherm.)  I  teiiiper.it  lire  regime.  Total  circulation 
may,  however,  completely  eliminate  the  reservoir  as  a  habitat  for  cold- 
water  fish  during  the  summer t  1  ini'  as  the  bottom  water  temperature 
approaches  the  tempera!  lire  of  surface  water.  Hypo  1  1  nine  t  1  c  aeration, 
on  the  other  hand,  improves  dissolved  oxygen  conditions  in  bottom  water 
without  disrupting  thermal  st  rat  1  I icat 1011  (Figure  ID);  but  because  oxy¬ 
gen  transfer  is  limited  to  the  bottom  water  interface  with  most  hypo  lim¬ 
netic  aerators,  oxygenation  rate  is  slower  and  operation  cost  is  higher 
than  that  of  total  circulation.  Dissolved  oxygen  cmicentr.it  n  n  in 
anoxic  bottom  water  can  usually  be  increased  to  appi  ox  1 111.1 1  e  I  y  a-t>  mg-l. 
by  hypo  I imnet 1 c  aeration. 


Figure  10.  Alter  hvpo  I  imnet  1  c  aeration:  thermal  str.it  1  f  1  — 
cation  continues  in  the  reservoir;  hvpo  I  1  inn  1  on  1)0  level  is 
maintained  at  approximately  r)-t>  mg/1. 
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•>R  .  RK-AKRS  consists  ot  .1  limited  number  of  phases  tli.it  s  1 11111 1 .1 1  e 
tlu'  omt  1111111111  ot  anoxic  or  oxi  c  conditions  in  tin1  hypolimnion.  I  lie 
model  reflects  aerobic  stages  that  occur  with  aeration  (e.g.,  natural 
des t ra t 1  I  1 ca t 1  on  ,  hypo  I i  nine l i c  aeration,  and  total  circulation). 

Na  t  u ra I  dost  ra t i f i ca t 1  on 

t>9  .  Beginning  ot  loss  of  st rat  i  1 1  cal i on .  This  phase  Begins  at 
the  onset  ot  loss  ot  st rat i fi cat i on  in  late  summer  or  fall  when  air  tem¬ 
peratures  Begin  to  decline.  During  dest ra 1 1 1 i cat  1  on ,  convection  cur¬ 
rents  and  epi 1 i nine l 1 c  circulation  expand  the  thickness  ol  the  oxygen- 
hearing  ep 1  I i mil  i on .  The  decomposition  rate  ot  organic  matter  increases, 
and  reduced  chemical  components  originally  in  the  top  layer  of  the 
anoxic  hypolimnion  are  oxidized.  The  water  column  above  the  meta 1 imninn 
remains  nearly  saturated  with  oxygen. 

70.  Turnover.  Turnover  Begins  when  the  entire  volume  ol  lake 
water  Begins  to  circulate  during  the  transition  I rom  summer  stratifica¬ 
tion  to  circulation  which  can  occur  in  a  tew  hours,  days,  or  weeks  de¬ 
pending  upon  wind  velocity,  temperature  gradient,  reservoir  depth,  res¬ 
ervoir  hydrodynamics,  and  other  environmental  factors. 

Meehan  1 ca I  ae ra t i on 

71.  Destratification  may  Begin  when  mechanical  circulation  is 
initiated.  Mechanical  destratification  lifts  cold,  anoxic,  hypo  I  i  unit' t  i  c 
water  to  the  surface,  mixing  it  with  the  warmer,  oxygenated,  epi lim¬ 
netic  water.  The  new  equilibrium  depth  tor  oxygen  and  the  rate  ol  oxy¬ 
genation  depends  on  the  capacity  ot  the  mechanical  circulator,  oxygen 
supply  rate,  and  rate  ol  oxygen  demand  of  the  reservoir.  Aerobic  de¬ 
composition  of  organic  matter  and  the  chemical  and/or  Biological  oxida¬ 
tion  of  reduced  constituents  Begin  in  the  aerated  water  column.  Having 
an  isothermal  reaerated  water  column  means  that  equilibrium  constants 
and  activity  coefficients  do  not  require  temperature  correction  111  an 
equilibrium  model  (Ingle  ot  al.  19B0). 

Hypo  I  imnet i c  aerat ion 

72.  Oxidation  processes  and  aerobic  decomposition  ot  organic 
matter  initially  occur  only  in  aerated  hypo  1 imnet ir  water.  The  tempera¬ 
ture  of  the  hypolimnion  increases  approximately  to  0.b-l.l°C  above 


normal  as  it  is  partially  mixed  with  the  thermocline.  Occasionally, 
metal imnetic  oxygen  levels  are  unstable  during  aeration.  A  zone  of  low 
dissolved  oxygen  or  even  anoxic  conditions  may  occur  near  the  metal im- 
nion.  The  level  of  the  metal imnion  also  drops  as  water  is  transferred 
from  the  hypolimnion  to  the  metalimnion  and  epi 1 imnion. 

Interrelationships  Among  Reduced  Chemicals  as  the 
Anoxic  Water  Column  Is  Aerated 


73.  Different  phases  in  RF.-AFRS  are  based  on  (a)  the  pH  range 
over  which  the  phase  is  functional,  (b)  the  DO  concentration,  (c)  a 
summary  of  the  sequences  of  major  events,  (d)  diagrams  (see  Figures  11 
and  12)  which  depict  the  major  chemical  components  and  interactions, 

(e)  a  tabulation  of  the  processes  represented  by  each  of  the  arrows  in 
the  diagrams,  and  (f)  a  list  of  algorithms  which  summarize  the  various 
processes  operative  on  each  component  shown  in  the  diagrams.  The  boxes 
surrounding  each  component  indicate  whether  that  component  is  barely 
detectable  (dashed  line),  increases  in  concentration  (double  lines),  or 
is  in  relative  equilibrium  (single  line). 

Initial  conditions:  Anoxic 
hypolimnion  before  aeration 

74.  The  pH  range  over  which  the  phase  is  functional  is  6.6  to 
7.4;  the  F.h  is  approximately  +50  mV  or  below;  the  DO  concentration  in 
water  is  0  mg/L. 

75.  Synops i s  of  initial  conditions.  In  an  anoxic  hypolimnion, 
the  redox  potential  has  dropped  to  approximately  +50  mV  or  lower  during 
the  course  of  stratification.  Nitrate  was  totally  exhausted  followed  by 
accumulation  of  dissolved  ammonium  and  manganese  (II)  in  hypo  limnetic 
waters.  Iron  was  then  actively  reduced  and  accumulated  in  hypolimnetii 
waters,  as  did  inorganic  phosphates  that  were  released  when  ferrous  iron 
was  reduced.  Sulfide  can  then  be  released  from  highly  reduced  sediments 
where  it  may  react  with  ferrous  iron  in  the  water  column  and  form  highly 
insoluble  ferrous  sulfide.  Sulfate  can  also  be  transported  into  the 
hypolimnion  via  inflowing  water,  or  be  produced  by  the  decomposition  of 
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IMPORTS 


-  BARELY  DETECTABLE 


CONCENTRATION  INCREASES 


IN  RELATIVE  EQUILIBRIUM 


Figure  11.  Major  chemical  changes  and  pathways  associated  with 
anaerobic  conditions  in  the  hypolimnion 
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associated  with  organic  matter;  this  sulfate  can  then  he  reduced 
de  which  can  also  react  with  soluble  ferrous  iron  to  form  in- 
ferrous  sulfide.  Anaerobic  microorganisms  then  can  use  carbon 
to  form  methane.  In  hypolimnetic  waters,  ammonium,  soluble  re- 
nganese,  ferrous  iron,  and  phosphate  continue  to  be  accumulated, 
presence  in  the  tailwaters  of  projects  with  hypolimnetic  with- 
indicates.  Suspended  ferrous  sulfide  may  also  be  present. 

Summary  of  processes.  Figure  11  presents  the  components  and 
of  importance  for  anaerobic  conditions  in  the  hypolimnion. 
n  Figure  11  are  explained  below: 


Arrow 

No .  _  Processes  Represented  by  Arrow 


1 

Import  of 

dissolved  carbon  dioxide  (as  HCO^) 

2 

Diffusion 

of  dissolved  CC^  (HCO^)  from  sediment 

3 

Export  of 

dissolved  C0^  with  outflows 

A 

Reduction 

of  C0„  tc  CH. 

2  A 

5 

Release  o 
underly 

f  methane  to  the  water  layer  from  sediment  in 
ing  anoxic  water  layer 

6 

Export  of 
bubb 1 es 

methane  from  system,  primarily  as  rising 
o f  gas 

7 

Import  of 

ammonium  with  inflow 

8 

Diffusion  of  ammonium  from  sediment,  interstitial  water 
anoxic  water  layer  beneath  the  water  layer  of  concern 
into  overlying  water 

9 

Immobilization  of  ammonium 

10 

Export  of 

ammonium  in  outflows 

1  1 

Import  of 

reduced  iron  with  inflow 

12 

Di f  fus ion 

of  dissolved  reduced  (mostly  chelated)  iron 

(Continued) 


A3 


Arrow 

No^ 

13 

14 
13 


to 
I  7 

18 

10 

30 


21 


22 


23 


26 

27 

28 


I’rwt'ssk’s  Represented  by  Arrow 

Precipitation  of  ferrous  iron  from  water  layer  of  eoueeru 
to  sediment 

Export  of  dissol  ved  redueeit  iron  in  outflows 

Release  of  dissolved  inorganic  phosphate  from  sediment 
interstitial  water  into  water  layers  of  concern  (two 
major  mechanisms  for  producing  dissolved  inorganic  P(J, 
are  desorption  of  occluded  and  notion' 1  tided  inorganic 

PO  ^  from  sediment  and  mineralization  of  organic  I’O ,  to 

**  .  j  14 

inorganic  Po^  in  sediments) 

Export  of  dissolved  inorganic  phosphate  with  outflows 

Diffusion  of  reduced  manganese  from  sediment  into  water 
layer  of  concern 

Export  of  dissolved  reduced  manganese  with  outflows 
Import  of  dissolved  reduced  manganese  with  inflows 


Release  of  inorganic  sulfate  from  anaeroh  i  c.i  1  I  v 
decomposing  organic  sulfate' 

Diffusion  of  dissolved  inorganic  sulfate  into  sediment 
or  underlying  anoxic  water  layers 


Diffusion  of  dissolved 
or  underlying  anoxic 


inorganic  sulfide  from  sediment 
water  layer 


Reduction  of  sill  late  to  sulfide 


Export  of  dissolved  sulfide  with  outflows  and  advectiou 

Precipitation  of  dissolved  sulfide  to  sediment  or  under¬ 
lying  anoxic  water  layer  as  a  eonseejuence  of  t  In¬ 
formation  of  insoluble  ferrous  sulfide 


Export  of  dissolved  inorganic  sulfate  m  outflows 

Import  of  dissolved  inorganic  sulfate  with  inflows 

Export  of  dissolved  and  particulate  organic  matter 
and  sediment  (suspended)  with  outflows 

(font  i iiiic-d) 
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Arrow 

No.  Processes  Represented  by_ Arrow 

29  Import  of  dissolved  and  particulate  organic  matter  and 

settling  the  suspended  solid  into  the  sediment-water 
system 

30  Interchange  of  dissolved  organic  matter  between  sedi¬ 

ment  and  interstitial  water 


77.  Algorithms  summarizing  the  various  processes  operative  on 
each  component  in  Figure  II  are  given  below: 


Component 

dO,,/dt 

dNH^/dt 

4 

dNO'/dt 

dN0~/dt 

dDOM/dt 

dC02/dt 

.IPO*  /dt 
4 


Factors  Influencing  Change 
of  Concent  rat  ion  of  Components 

Dissolved 

0.  DO  concentration  =  0  mg/1. 

Inflows  +  Release  from  Sediment  or  Underlying 
Water  Layer  +  Ammoni  f  i  cat  i  on  -  Outflows’"  -  NH^ 
(Biological  Uptake  +  Diffusion  into  Overlying 
Layer) 

0.  NO,,  concentration  -  0  mg/L 
0.  N0,^  concentration  -  0  mg/1. 

Inflows  +  Sediment  Release  +  DOM  (Particulate  Organic 
Matter  (POM)  Decay)  -  Outflows  -  DOM  (Dissolved 
Organic  Matter  Decay) 

Inflows  +  C0^  (Diffusion  from  Underlying  Sediment 
or  Water  Layer  +  Dissolved  Organic  Matter  Decay 
+  Particulate  Organic  Matter  Decay)  -  Outflows 
-  CO  (Carbonate  Formation  +  Diffusion  to 
Overlying  Water  Layer) 

inflows  +  PO. (Dissolved  Organic  PO. '  Decav 

A  -3  4 

+  Particulate  Organic  P0^  Decay  +  Biological 

PO  *  Release)  -  Outflows  -  PO.  *  (Formation 

4  4  -3 

of  Particulates  +  Biological  PO  Uptake)  + 

Desorption  of  P0^  from  Particulate  Matter 
(Cont i nued) 
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Present  in  outflows. 


Component 


Factors  influencing  Change 
of  Concentration  of  Components 


<1S0'2/dt 

4 


ilMll  +  2/dt 


+  > 

<tFo  /.It 


.is'2/. It 


tlCH,  /  .ft 
4 


<IPOM/dt 


Dissolved  (Continued) 

Inflows  +  SO^2  (Dissolved  Organic  Sulfate  Decay  + 
Particulate  Organic  Sulfate  Decay)  -  Outflows  - 
_  > 

SO^*"  (Biological  Uptake)  -  Sulfate  Reduction 
+  2 

Inflows  +  Mn  (Diffusion  from  Sediments  or  Anoxic 

Water  Layers  +  Dissolved  Organic  Matter  Decay  + 

Particulate  Organic  Matter  Decay  +  Reduction  of 

+  4  , 

Mn  in  Suspended  Particulate  Matter)  -  Outflows-  - 

■f  2 

Mn  (Biological  Uptake  +  Diffusion  to  Overlying 
Water  +  formation  of  insoluble  Precipitates) 

+  2 

Inflows  4  fe  (Diffusion  from  Sediment  or  Anoxic 
Water  Lavers  +  Dissolved  Organic  Matter  Decay  + 
Particulate  Organic  Matter  Decay  +  Reduction  of 

fe  1  in  Suspended  Pa rt i cu I  a t e/Co 1  I o i da  1  Inorganic 
<  +2 

Matter)  -  Outflows-'  -  Fe  (Biological  Uptake  + 
Diffusion  to  Overlying  Water  Layer  +  Formation  ot 

_  7 

Insoluble  Precipitates  (S  ")) 

_  > 

S  "  (Diffusion  from  Sediment  or  Anoxic  Water  Layers  + 

_  > 

Dissolved  Organii  Natter  Decay-'--  +  So,"  Reduction) 

-  Outflow's'-''  -  S  (Biological  Uptake  +  Diffusion  to 
Overlying  Water  I, aver  +  Formation  of  Insoluble 
Prec i pi t  ates  ) 


Of.  (Diffusion  t rom  Sediment  or  Anoxic  Water  1. avers 
4 

+  CU.  (Metlianogeneses )  -  Outflows'-''  -  till,  (Dif*u- 
si  on  to  Overlying  Water  I.ayer) 


Part  i  dilate 

Inflows  +  POM  (Settling  from  Overlying  Water  I.ayer) 

-  Outflows-'''  -  POM  (Particulate  Organic  Matter  Decay 
+  Settling  to  Underlying  Water  or  Sediment  Layer) 


(Coni  i  lined ) 

Present  in  outflows. 

Sulfhydryl  groups  that  can  be  released  as  S  "  or  SK  ,  but 
cannot  be  oxidized  due  to  lack  ot  0.(  . 


Factors  Influencing  Change 

Component _ _ of__Concent  rat  i  on  ui  Components 

Particulate  (Continued) 

ciPIM/dt  =  Inflows  f  P1M  (Settling  from  Overlying  Water  Layer) 
-  Outflows"  -  P1M  (Settling  to  Underlying  Water 
or  Sediment  Layer  +  Particulate  Inorganic  Matter 
(PIM)  Decomposition) 


Present  in  outflows. 


Aerat i on 

78.  Hypol imrietic  water  under  initial  conditions  subjected  to 
aeration  should  maintain  a  pH  range  of  6.3  to  7.3,  an  Kh  above  +  400  mV, 
and  a  DO  concentration  of  approximately  5-6  mg/L  or  more.  Formation  of 
an  oxidized  layer  on  the  sediment  surface  indicates  the  completion  of 
aerobic  mixing. 

79.  Synopses  of  aeration.  Mechanical  circulation  of  the  water 
column  disturbs  the  reservoir  and  maintains  a  uniform  dissolved  oxygen 
content  in  the  overlying  water  (approximately  5-6  mg/T)  throughout  the 
dest rat i t ied  reservoir.  The  upper  sediment  layer  becomes  oxidized  when 
aerated  water  reaches  the  bottom  layer  of  water.  The  sediment  below  the 
thin  oxidized  layer  remains  anoxic.  Diffusion  of  reduced  constituents 
from  anoxic  sediments  to  the  overlying  water  through  the  oxidized 
surficial  sediments  is  minimal. 

80.  Oxidation  reactions  of  reduced  chemicals  begin  soon  after 
aeration  of  the  hypolimnion.  Formation  of  oxidized  chemical  forms  is 
soon  limited  by  depletion  of  the  remaining  reduced  chemicals.  Products 
ol  oxidation  remaining  in  the  water  art*  subject  to  further  reactions. 
Some  soluble  form  of  oxidized  products,  such  as  NO^,  wall  diffuse  and 
interact  with  highly  reduced  sediment  and  undergo  denitrification 
and/or  reduction  via  microbial  assimilation  with  a  possible*  net  loss  of 
n i t  rogen . 

81.  Simultaneous  ni tri f icat ion  in  the  aerated  hypolimnion  rapidly 
replenishes  any  nitrate  lost  by  diffusion  or  flushing.  On  the  other 
hand,  even  when  inorganic  phosphate  is  added  to  a  reservoir  by  inflows. 
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the  i  mi  n- n  l  r  1 1  i  mi  nt  phosphate  in  tin'  w.ilcr  c.lumn  is  I  «*t  h  v  1 1  i  I  1 1  - 

t  i  on  because  ot  precipi  t.il  ion  or  cop  rec  i  p  i  t  .1 1  1  011 ,  m.iiiilv  with  Fe  V 
Sult.itr  .hi  1 1111 1 1  l  .1 1  os  .is  dissolved  si. I  fate  flows  in,  or  as  sulfide  is 
released  hy  organic  matter,  or  as  FeS  on  surface  sediment  is  oxidized, 
larliiin  dioxide  ae  eiiimi  I  a  l  1  on  results  111,1  i  11  lv  from  decomposition  of  uryinn 
matter  and  methane  oxidation;  however,  respiration  In  mi  aqua  l  n  plants 
may  also  contribute  significant  aim  lints  of  O  1  ,  to  the  svstem.  t'hemiial 
ox  1  da  l  1  on  o  I  reduced  iron  in  aiiox  i  1  water  norma  1  1  v  v  t  e  I  ds  poo  r  1  v  so  I  u  h  I  e 
ferrii  oxides  and  hydroxides  or  inn  phosphates  that  pm  ipitate  onto 
the  sediment;  thus,  concentrations  ot  dissolved  iron  are  relatively  low 
ill  surface  water.  Reduced  inanganes  e  undergoes  an  oxidation  provess 
similar  to  that  of  iron,  hut  reaction  rates  are  slowet  than  those  ot 
1  roll  111  aerated  water;  reduced  manganese  may  he  chemical  I  v  oxidized  when 
the  hypo  I  1 11111  i  on  is  oxygenated.  Hvo  rolys  is  and/or  organii  coiuplex.it  imi 
ot  oxidized  manganese  t 1 V )  enhances  colloidal  stability  as  manganese 
sett  It's  onto  and  is  incorporated  into  organic  matrices.  oxidizing 

_  t 

agents  convert  S  “  to  elemental  sulfur  (,S°!  which  can  he  turthei  0x1- 
dizetl  to  sulfate;  oxidation  ot  reduced  sulfide  to  sulfate  is  mainly 
biologically  mediated  in  aerated  waters. 

82.  Summary  ol  processes.  Figure  12  presents  the  components  and 
pathways  of  importance  for  the  oxioation  phase.  Arrows  in  Figure  12 
are  explained  below. 


Ar  row 
No. 


1 


.1 


t> 

7 


Processes  Represented  hy  Arrow- 

Import  ot  1)0  with  inflows,  circulation,  mechanical 

+  02  -  02 

(>.,  requirement  for  nitrification  (Nil,.  •  Nil,  •  N<i^ 
0,  requirement  for  sulfide  oxidation 
0,  requirement  tor  methane  oxidation 

Release  of  methane  from  sediment  to  overlving  water 
Methane  ox  1  da t 1  on 


Import  of  dissolved  carbon  dioxide  ( p redom 1  nan t  I v  a 

with  i  n  f  I  ows  ,,  , , 

( (.out  1  lined  ) 


ae  rat  i on 

) 


cl  umn 


s  IIOl  ) 

1 
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COMPONENT  CONDITION 

--  BARELY  DETECTABLE 
=  CONCENTRATION  INCREASES 
-  IN  RELATIVE  EQUILIBRIUM 


Figure  12.  Major  chemical  changes  anil  pathways  associated 
with  the  (lest  rat  i  f  i  cat  i  on  period  in  an  anoxic  hypo  limn  ion 


■\  r  row 
No  . 

8 

>1 

10 
1  1 
12 

13 

14 

15 
lb 
1  7 
18a 

18b 

19 

20 
21 

22 

23 

24 


Pi m  rssi's  Represented  by  A  row 

Phot  nsy ii  t  ties  i  s  by  a  1  gat’  i  ii  sediment 

l)it  fusion  ot  larbun  dioxide  1  rum  sediment  into  water  layer 
of  concern 

Kxport  of  il  i  sso  I  veil  i  a  rl  on  0  i  ox  i  '»■  (as  HO  >  I  with  outflows 

Import  of  ammonium  with  inflows 

Import  of  nitrate  and  nitrite  with  inflows 

Diffusion  of  mineralized  ammonium  from  sediment  to  water 
layer  of  eonrern 

N  immobilization  and  fixation 

N i t  r i f i ca t  i on 

Nitrate  reduet i on 

Kxport  of  nitrate  and  nitrite  with  outflows 

Release  of  redin' ed  dissolved,  iron  from  anoxic  sediment  to 
overly  i  ii)»  water  column 

Precipitation  of  reduced  iron  to  sediment  as  a  conseipience 
of  organic  and  inorganic  romplex.it  mn 

Homogenetic  and  heterogenet i c  oxidation  of  ferrous  iron  to 
ferric  i  rori 

Kxport  ot  ferric  iron  with  outflows 

Colloidal  growth  of  ferric  iron  followed  by  adsorption  and/or 
settlement  onto  sediment  as  KefOll )  •  nM.,0 

Release  of  dissolved  reduced  manganese  from  anoxic  sediment 
to  overlying  water  column 

+  2 

Precipitation  of  reduced  manganese  (Mn  )  to  sediment  as  a 
consequence  of  organic  and  inorganic  comp  I exa l i on 

Import  of  dissolved  organic  particulate  matter  and  settling 
of  the  suspended  solids  into  the  sediment -water  system 


(Cont i nued ) 
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Arrow 

No.  Processes  Represented  by  Arrow 

28  Oxidation  of  manganous  manganese 

+ 

26  Export  of  manganese  (Mn  )  with  outflows 

27  Colloidal  growth  of  manganese  followed  by  adsorption  and/or 

settlement  onto  sediment  as  MnOOH 

28  Import  of  manganese  with  inflows 

2‘!  Import  of  dissolved  phosphate  with  inflows 

.10  Formation  of  iron  (ferric)  phosphate  (ppt) 

11  Export  of  dissolved  phosphate  with  outflows 

112  Diffusion  of  dissolved  inorganic  sulfide  out  of  sediment 

33  Oxidation  of  sulfide  to  sulfate 

3A  Import  of  dissolved  inorganic  sulfate  with  inflows 

33  Export  of  dissolved  inorganic  sult.'te  with  outflows 

36  Import  of  suspended  inorganic  and  organic  ferric  compounds 

with  inflows 

17  Import  of  soluble  reduced  ferrous  iron  with  inflows 

+  2 

18  Import  of  soluble  reduced  Mn  with  inflows 

1‘1  Interchange  of  dissolved  organic  matter  between  sediment  and 
interstitial  water 

83.  Algorithms  summari  ing  the  various  processes  operative  on 
each  component  in  Figure  11  are  given  below. 

Factors  Influencing  Change 

Component  of  Concentration  of  Components 

dDO/dt  =  Inflows  +  Aeration  rate  -  Outflow  -  DO  (Nitrifica¬ 

tion  +  DOM  Decay  +  Particulate  0M  decay  +  Sulfate 

+  2 

Formation  +  Methane  Oxidation  +  Fe  Oxidation 
a- 2 

+  Mn  Oxidation  +  BOD  +  Sediment  Organic 
Decay) 

(Cont i nued ) 

31 


I'ollljHMU'Ilt 


l'.Kt"rs  !  n  t  I  iumh  i  ng  Change 
ot  Concentration  ol  Component  s 


if.MI  /.It 


.1  (  NO  +:N()  ,  )/< 
1  2 


ilDOM  /  *1 1 


dco.,/dt 


.ten,  /.u 


+  2. 

dfe  /.It 


+  } 

«l  Ft*  /.It 


dMn+2/dt 


-  Ini  lows  +  I)  i  I  I  us  i  on  (com  St*.l  i  int'ii  t  or  Adjacent  Water 
I, .ivers  +  Amnion  i  I  i  o.i  l  i  on  -  Nil,  ( I'.invc  rs  i  on  ol  Ml. 


to  N  i  t  r  i  t  o  or  N  j  t  rate1  + 
into  Adjacent  Water  l.aye 
Ml,  I  i  xo.l  on  ("lay  Minora 

-4 

=  I  ii  I  I  .Iks  +  N  i  t  r  i  I  i  oa  lion  - 

Ho. loot  ion  +  Plant  Uptake 
Water  Layers  or  Sediment 


u  a 

I’  I  ant  I  pt  ako  +  I)  i  I  I  us  i  oil 
(  + 

rs  +  Ml ,  I  immd 1 1  I  i  /  .i  t  ion 

a 

I  s  ) 

Out!  I  oii'.s  -  No  (Nit  rat  <■ 

+  I)  i  I  I  us  i  on  t  o  Ad  |  a.  out 
s) 


t 


-  Ini  lows  +  Sediment  Release  +  l)OM  ( Pari  i  ou  I  a  t  e 

Organ  ie  Matter  Decay)  -  Out  I' lows  -  DOM  (DoM  Decay 
+  Precipitation  and  Comp  1 exa t i on  with  Metals) 

=  Inflows  +  t'O,  (Diffusion  I  rom  Sediment  or  Adjacent 
Water  havers  +  Organic  Matter  Decay  +  Methane 
Oxidation)  -  Out  1  lows  -  CO.,  (Di  t  fusion  into 

Adjacent  Water  Lavers  +  Carbonate  formation  + 

Biol  og  i  c.i  I  llpt  a  ke  ) 

=  Oil,  (Diffusion  from  Under  1  vine  Anoxic  Sediment  or 
Water)  +  Met  hanogenes  i  s  -  Outflows  -  I’ll,  (Oxidu- 

•4 

lion  +  Dit fusion  to  Adjacent  Water  Layers  or 
Sod i ment  ) 

1)  i  sso  I  ve.l 

+  2. 

=  Inflows  +  Ke  (Diffusion  from  Adjacent  Anoxic 

Water  Layers  and  Sediment  +  Organic  Matter  Decay) 

+■  2.  +  2 

-  I'e  (Oxidation  of  Ke  +  formation  ol 

insoluble  Complex  +  Biological  Uptake)  -  Out  I  I ous 
+  t  +  2 

=  Inflows  +  Ke  ‘  (Oxidation  of  Ke  +  Diffusion  from 
Adjacent  Aerated  Water  Layers  +  Organic  Matter 

Decay)  -  Outflows  -  Ke  ^  (formation  of  Insoluble 
Complexes  +  Settling  to  Underlying  Water  Layers 
or  Sediment) 

+  2 

-  Inflows  +  Mil  (Diffusion  from  Adjacent  Anoxic 

Water  Layers  or  Sediment  +  Organic  Matter  Decay)  - 
+  2 

Outflows  -  Mn  (Biological  Uptake'  +  Diffusion  to 
Adjacent  Water  Layers  or  Sediment  +  Oxidation  to 
( Cont i nued ) 


i 


C  omponenl 


dMn  ‘'/ill 
(Cunt ) 

+ A 

ilM;  i  /(It 


.IPO-  V'lt 


dS'J/dt 


<ISO*J/.lt 


dPOH/dt 


■IP  I M/ ilt 


1  ti  (.  i.  ■  '  ■  .'l  liif.iilioiii^;  v  - 1 1 .1  *  i  ^,1 

ot  Cum  cut  i  .it  i  un  iit  t‘i  imp.  mii’ii  l  : 

I  1  SS1>  I  VC<I  (  Colli  I  Mill'll  ) 

+  U 

Mil  KoMll.lt  I  nil  ■>!  I  II.M1  1  111'  I  I'  Mill'll  .111.1  ..thll 
Organ ii  Complexes) 

+  4  4  J 

-  Inflows  +  Mu  ( Ox  i  il.i  l  i  un  ul  "'l  1 1  '  *  Diffusion  I  i  .  >ii 

+  - 

Adjacent  Act. it  ml  Water  Pavers  I  -  nut  flows  -  ''In 
(Sorption  on  Clay  'I  i  lie  ra  I  s  4  S  e  I  (  I  i  r  i  r  ont"  Se.l ;  - 
mo  lit  or  Underlying  Water  Payers  i>v  Colloidal 
Crowd 1 1  I 

-  Inflows  +  P<  1^  (Organii  Matter  Dei  av  4  Desorption 

from  Seiiimi'rt  or  Suspt'mleii  Part  tile  ♦  hiologiiul 
Release  ot  !'(),’)  -  Outflows  -  I’D,  I  lormat  i"ii  of 

*-♦  ^  *-4 

Insoluble  Pi  erijii  tales  with  It  +  Biologii.il 
Pptake  ) 

=  inflows  +  S  (Diffusion  from  Adjacent  Annxn  Sed  i  - 

ment  or  Water  Payers  +  Anaerohii  Orgaiiii  Mattel 

_  ) 

Deiav)  -  Out  I  lows  -  S  (Sulfide  Oxidation  4 
Biolopiiu)  I  plant  +  Diffusion  to  Adjaicul  Watei 
Payers  +  Kmni.it  ion  of  Insoluble  Preiipitates 
with  Meta  I  s  I 

=  Inflows  +  So.'  (Aerobic  Organic  Matter  Decay  + 

a 

Oxidation  of  Sulfide  4  Diffusion  from  Adjacent 

_  ) 

Aerated  W.iti  r  Pavers)  -  Outflows  -  SO  ,  *"  l  D  I  t  t  us  I  oil 

i  a 

to  Adjacent  Water  Pavers)  -  So,'  (  H  i  o  I  og  1 1  a  1  Up- 

*4 

take  t  formation  ot  Insoluble  Precipitates) 
i’a  rt  i  i  n  late 

-  Inflows  +  POM  (Settling  from  Overlying  Water  Pave  is 

+  I  mmol  1 1  I  iz.it  ion)  -  Outflows  -  PoM  (Organic 
Matter  Decay  4  Settling  to  Underlying  Water  Payer 
o r  Sed i ment  ) 

-  Inflows  4  PIM  (Settling  from  Overlying  Water  Payer 
4  Korm.it  ion  of  Insoluble  Complexes)  -  Outflows 
-  PIN  (Settling  to  Underlying  Water  Payer  or 
Sediment  4  Decomposition  of  PIM) 


r>  ) 


PART  IV:  EVALUATION  OF  RELEVANT  RATE  DATA 


84.  There  is  only  limited  information  available  regarding  aerobic 
processes  in  man-made  impoundments.  However,  there  is  considerable 
information  on  natural  destratification  in  freshwater  lake  systems.  The 
range  of  data  for  various  aerobic  processes  is  shown  in  Table  2.  These 
processes  are  site  specific;  values  for  nonreservoir  systems  are  in¬ 
cluded  only  if  data  for  particular  processes  in  reservoirs  are  not 
available.  All  of  the  information  shown  in  Table  2  is  expressed  in 
terms  of  grams  or  milligrams  of  the  component  being  released  or  de¬ 
pleted  per  square  meter  of  sediment  surface  per  day. 

85.  Oxidation  of  reduced  chemicu's  in  reservoirs  is  highly  tem¬ 
perature  dependent.  In  reservoir  hypolimnin  in  the  United  States, 
temperatures  typically  range  from  5°  to  15°C.  Some  laboratory  studies 
cited  in  Table  2  tended  to  use  large  amounts  of  t ho  particular  substrate 
or  were  conducted  at  higher  temperatures  and  may  have  yielded  above¬ 
normal  rates.  Inflow  and  outflow  rates  depend  primarily  on  a  reser¬ 
voir's  hydraulic  budget  and  are  not  considered  m  this  study.  Since 
almost  all  aerobic  chemical  transformation  rates  are  site  specific,  the 
flux  rates  in  Table  2  reflect  the  range  ol  concentrations  of  aerobic 
products  that  may  occur  in  aerated  reservoirs.  Estimated  release  rates 
are  not  shown.  These  rates  must  be  furnished  when  using  the  RE-AERS 
aerobic  conceptual  subroutine  based  on  this  description,  which  simulates 
aerobic  processes.  RE-AERS  is  described  in  Part  111  ol  this  report. 

86.  Sediment -water  reaction  chambers  are  currently  being  used  in 
the  WES  laboratory  to  provide  the  rate  data  required  by  RE-AKKS.  Upon 
completion  of  the  study  of  which  this  report  is  a  part,  data  will  he 
provided  in  an  Engineering  Technical  letter  (ETL),  available  from  WES, 
in  the  form  of  fluxes  (i.e.,  net  rate  and  direct  on  of  release)  or 
first-order  coefficients,  or  in  other  forms.  The  ETL  will  also  provide 
information  on  user  methods  for  obtaining  data  required  for  RE-AERS. 
Table  1  presents  a  preliminary  guide  to  these  methods. 
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PART  V:  LABORATORY  AND  FIKl.i)  STL!)  IKS 


Materials  ami  Methods 


Characteristics  ami 

samjil  ing  ot  sediment  and  soil 

87.  Sediments  from  existing  CK  ri’scrvoi  rs  and  soils  Iron)  pio|iose< 
CF.  reservoirs  were  sampled  to  determine  the  effects  of  oxygenation  on 
nutrient  and  metal  transformation  rates  and  reaction  processes.  Soil 
and  sediment  samples  from  the  following  reservoirs  were  used: 


CK  Reservo  i  r 
Kail  Galle  Reservoir 
Browns  Lake 
Beech  Fork  Reservoi r 
F.agle  Lake 

Richard  B.  Russell  Reservoir 
DeGray  Reservoir 
Bloomington  Reservoir 
Red  Rock  Reservoir 
Greers  Ferry  Reservoir 


Location  (CK  District  ) 

St .  Pan  1  District,  Mi nn . 
WKS,  Miss. 

Huntington  District,  W.  Va 
Vicksburg  District,  Miss. 
Savannah  District  ,  Ga . 
Vicksburg  District,  Ark. 
Baltimore  District,  Md . 
Rock  Island  District,  111. 
Little  Rock  Di st riit,  Ark. 


88.  Samples  from  proposed  reservoir  sites  were  collected  and 
handled  as  described  by  Gunnison  et  al.  (1979).  Composited  sediment 
samples  representing  various  soil  types  in  each  reservoir  were  mixed 
thoroughly.  Laboratory  and  field  experiments  were  carried  out  to 
evaluate  the  interaction  of  sediment  or  newly  flooded  soil  with  the 
overlying  water  during  destratification  or  reaeration 

Laboratory  Studies 

89.  Large-scale  model.  A  reaction  chamber  was  constructed  of 
plexiglas  in  the  form  of  a  rectangular  tank  with  dimensions  of  4(>  cm 
long  by  46  cm  wide  by  121  cm  high  (Figure  IT).  The  chamber  and  labora¬ 
tory  experiments  were  based  on  the  methods  described  by  Gunnison  and 
Brannon  (1981).  Several  modifications  described  in  the  following 


WATER  QUALITY  MONITORING 
INSTRUMENTATION -v 


SEDIMENT  - 


OVERFLOW  AND  GAS  TRAPPING  SYSTEM 


figure  IT.  Scd  i  intMi  t -wa  1 1>  r  reaetor  lur  studving 
aerobii  i  <>ii<l  i  t  i  on.s  in  reset  vo  i  is 

s  e  v  t  ion  we  c.’  in.  i  dt  ■  to  the  ii'.k'I  uni  i  i.nithe  r  to  s  i  mu  1 .1 1  e  <I('S  L  r.i  L  1  I  i  (  .1 1  1  oil 
or  nMtT.it  ii'ii  1  mill  1  t  1  mis  . 

l|0.  Sm. 1  I  I -st  .1  I  r  modi'  I  This  systi'in  used  17-  bv  ‘M-etu  polveth- 
V  I  fin-  1  o  I  limns  1-1(11 1  |>|n-d  with  water  sampling  ports,  p  1 .1 1  1  limn  i-Ii-i  t  rndcs  , 

•uni  .1  gas  diltiisi-i  system.  lai  h  1  c  >  I  mini  1  out  ,1  i  tied  a  I.  ul  sediment  ,hh! 

!.  ul  de  1 1  -li  1  zed  w.ilei  .  Anox  1 1  overlying  w.iter  w.is  reaernted  hy 
purging  I, ih  ratory  .111  into  tin-  system  through  .111  .itistoiu-  dittuser 
■  ipp  rox  1  in. 1 1  e  I  y  10  em  .ilmvi-  the  sed  1  ment  -w.i  l  e  1  interim  e;  .1e1.1t  uni  was 
londiieted  hy  bubbling  air  through  t  tie  wa  t  e  1  -sed  1  men  t  system  at  an  .111 
Mow  rate  n|  approximately  b()  ml./min.  Dissolved  oxvgen  eom  ent  1  at  i  mis 
were  maintained  at  around  7  t  0 .  r>  mg/I.  to  simulate  the  average  disselv 
oxygen  ranges  ul  destrati  lied  bottom  water  in  t'T.  reservoir;. 

01.  Keaition  1  h.iniliers  were  sealed  from  the  atmosphere  and  allow 
t"  stand  until  the  overlying  water  bei  ame  .innxn  .  The  uve  1  I  v  1  ng  w  a  t  i  1 
was  1  out  1 n nous  I y  1  1 n  nlaled  lor  mixing  and  e.pi  1  I  1 b 1  a  t  1  on  . 

0.’ •  He  I  on-  aeration,  waters  aver  I  v  1  lig  ;  I  01  sediment  samples 


Sn 


were  incubatt-ef  for  4  to  b  months  under  .maeroh i e  conditions.  After  the 
anoxic  water  was  sampled,  a  gas  exhaust  port  was  opened  cm  the  top  cover 
and  aeration  was  begun.  Incubation  proceeded  at  a  constant  temperature 
of  20°C  in  the  dark. 

In  Situ  St  tidy 

'hi.  An  in  situ  incubation  experiment  was  conducted  in  summer  1981 
to  determine  the  oxidation  rale*  of  ferrous  iron  ( Fe  (II))  and  manganous 
manganese  (Mil  II)  in  the'  hypolimnion  of  Kau  Gallo  Reservoir  at  depths  of 
U.5  and  9.5  m.  Two-hundred-amf- f  i  f  t  y  ml  of  surface  sediments,  collected 
with  an  Fekman  dredge',  were'  mixe'd  and  nddeel  to  1-1.  wide-mouth  plastic 
bottles  which  were  then  filled  with  bottom  lake'  waters.  Te-n  ml  of  solu¬ 
tion  containing  reduce'd  forms  of  iron  and  mangane'se  veto  adde'd  to  e'ach 
bottle'.  Bottle's  we-re'  the'ii  re'turne'd  to  the-  bottom  of  the  lake1  for  a 
24-hour  incubation  period.  The  temperature  was  22.5  and  14.1°C,  ami 
dissolve'll  oxygen  was  4.  i  and  0  mg/1,  in  wate'rs  just  above  the'  sediments 
for  the'  0.5-  and  9.5-m  site's,  re’spect  i  ve’ I  y  .  The'  water  sample's  we're' 
colle'cte'il  as  elescrihe'il  be*  low. 

Samp  1  e  co  I  1  e'et  i  on  and 
pre'servat  ion  in  laboratory 

94.  Anoxic  water  and  se'elimi'iit  sample's  we-re*  initially  sample'll  in  a 
nitrogen  a  t  inosphe' re*  to  maintain  their  anae'rohic  integrity.  Particulate' 
and  el  i  sso  1  ve'if  forms  of  the*  che'micals  we're  separated  by  filtering  through 
a  0.45 -pm  ine'inhrane'  filter.  Soluble',  re-duceel  metals  (Fe*  and  Mn)  we-re 
title' reul  through  a  membrane’  filter  of  pore'  size  0.1  pm  (Ke’imedy  et  al. 
1974)  . 

95.  Sample's  for  particulate  ami  soluble  nutrients  we-re-  preserve-el 
imme'eiiati'ly  by  freezing  .it  -4()°C.  Metal  samples  were  prese-rve-d  by 

ae  i  el  i  f  i  cat  i  on  to  pH  •'  2  with  concentrated  IICI  or  UNO  . 

9b.  I  n  1 1' rs  t  i  t  i  a  1  wate-r  was  separated  from  sedimi-nt  by  ee-ntri- 
fuging  a  portion  of  the’  seeliment  at  10,000  rpm  (lb, TOO  x  g)  for  10  min. 
Se'ilime-nt  was  then  air  elrie’il  auet  ground  to  pass  an  80-mesh  ASTN  scree’ll. 
Tile’  drie'ef  sediment  sample’s  were’  store-el  in  tightly  capped  bottle's  at 
ambient  temperature  until  chemical  analysis. 


Them  i  c a  1  An.)  lyses 

97.  Water.  Total  kjeldahl  nitrogen  and  total  phosphorus  were 
converted  to  ammonium  and  inorganic  phosphate  hy  digesting  water  samples 
on  a  semiautomatic  digestion  block  (Ballinger  1979).  Various  forms  of 
inorganic  nitrogen  and  phosphate  were  determined  with  a  Technic  on  Auto¬ 
analyzer  11  in  accordance  with  procedures  recommended  hy  the'  b.  S. 
(Environmental  Protection  Agency  (Ballinger  1979). 

98.  Total  carbon  and  inorganic  carbon,  including  soluble  and 
particulate  forms,  were  determined  with  a  Beckman  carbon  analyzer  (model 
915  A)  equipped  with  an  infra-red  detector.  Sulfate  concentrations  were 
determined  by  the  turbidimet r i c  method  (APHA  1980).  Iron  and  manganese 
concentrations  were1  determined  with  a  Spectrometries  Spectraspan  II 
hcelle  Grating  Argon  Plasma  (Emission  spectrophotometer. 

99.  Soil  and  sediment.  (Exchangeable  nutrients  and  metals  were 
determined  by  extracting  moist  sediment  samples  (the  residues  following 
centrifugation  to  remove  interstitial  water)  with  a  series  of  extracting 
solutions  (Gunnison  and  Brannon  1981).  Analytical  methods  for  chemi¬ 
cally  extracted  solutions  were  similar  to  those*  used  for  water  samples 
(Table  3). 

100.  Total  organic  carbon  in  soil  or  sediment  was  determined 
directly  by  combusting  air-dried  samples  at  550°C  for  r>  hours  in  a 
muffle  furnace  (Davis  1974) .  Carbon  content  was  then  calculated  ac  cord¬ 
ing  to  the  equation  of  Allison  and  Moodie  (1965).  Inorganic  carbon  was 
determined  by  measuring  the  decrease  in  sediment  weight  resulting  from 
CO^  loss,  by  treating  sediment  with  3  M  HC I  (Allison  and  Moodie  1965). 

Me  asu  re  merit  of  phys  ical  pa  r  am  et  ers 

101.  Dissolved  oxygen  was  measured  with  the  Azide  modification 
of  the  Winkler  method  (APHA  1980),  or  was  estimated  by  using  an  oxygen 
meter  (Yellow  Springs  Instruments  (YSI)  model  54)  equipped  with  an 
oxygen/temperature  probe.  Specific  conductivity  (corrected  to  25°C)  was 
measured  with  a  mho  meter  using  a  YSI  model  3403  conductivity  cell. 

Water  and  sediment  pH  were  measured  by  the  glass  combination  electrode. 
Redox  electrodes  were  constructed  and  calibrated  following  the  proce¬ 
dures  described  by  Graetz  et  al.  (1973).  A  specific  ion  meter  (Beckman 
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model  S33)  was  list'd  for  Kh  and  pH  measurements. 

102.  The  temperature  profile,  dissolved  oxygen,  pH,  and  eoiidui - 
tivity  in  Kau  Gal  It'  Reservoir  sediments  used  in  the  in  situ  study  were 
measured  with  a  Hydrolah  Transmitter  1’rohe  (Hydrolah  Corporation). 

Results 


Sediment  and  Soil  Properties 

103.  Properties  ot  the  sedm.ents  anti  soils  are  shown  in  Tattle  4. 
Composited  samples  from  the  Kit  hard  B.  Russell  Reservoir  site  were  col- 
ieeted  from  three  representative  areas  ot  the  proposed  reservoir.  Soil 
samples  1 rotn  the  Richard  B.  Russell  site  were  relatively  high  in  metals 
and  contained  appreiiahle  amounts  ..I  organii  matter.  Textural  i  l.issi  I  i  • 
ration  ol  t  lie  soils  and  sediments  i.inged  I  rum  sandy  loam  (Kail  dalle)  to 
siltv  rlav  loam  (Beech  fork).  All  sediment  and  soil  samples  except  lot 
the  Kau  Ga  1  I  e  sediment  (pH  of  f’ .  I  )  had  a  nenltal  (ill  and  contained  rel¬ 
atively  little  organii  i.irbon  and  nitrogen. 

Dissolved  oxygen  concentra¬ 
tions  in  the  over  lying  waters 

104.  Concentrations  of  dissolved  oxygen  in  the  overlying  water 

ot  the  soil-water  reactor  chamber  during  an  aeration  period  are  shown 

m  Table  r> .  Monitoring  indicated  that  dissolved  oxygen  content  ot  the 

overlying  water  increased  from  an  average  of  4.1t  to  ti.l'f  mg/1,  between 

the  first  and  second  day.  These  values  were  equivalent  to  an  oxygen 

> 

transfer  capacity  of  4.28  and  3.26  g  0  / in*-  ot  sediment  surface  area,  ilai 
at  20°C.  Dissolved  oxygon  content  of  the  overlying  watei  remained 
constant  throughout  the  experiment  after  1  week  ot  aeration. 

Water  and  sediment  charac¬ 
teristics  during  aerut ion  study 

103.  The  pH  of  aerated  water  tended  to  increasr  during  the  aeia- 
tion  study,  hut  changes  in  pH  were  minor  and  generally  within  0 .  r>  pH  p<  i 
unit.  Before  air  was  introduced  into  the  reaction  chamber,  the  redox 


potential  ( Kh )  of  anoxii  water  on  the  Beech  Fork  water-sediment  system 
averaged  +143  mV.  Redox  potential  ol  the  water  increased  promptly  will, 


irr  it  ion  t'1  +  dr>n  mV  :i !  t e r  r>  hr  and  reached  +S 7 *'  mV  by  ■  1 . s v  )  .  The  !.h  • 
m.iiiit'il  at  +650  mV  thereafter.  Similar  Eh  changes  in  the  overlying  w.iti 
were  noted  in  the  Eau  Galle  water-sediment  system  at  20°(.'.  Regardless 
of  aeration  treatment,  sediment  Eh  registered  between  -200  to  -2 .50  mV 
and  remained  anoxic  throughout  the  entire  experiment.  Chen  et  al. 
(1979)  reported  similiar  findings  tor  other  sediments  and  emphasized 
t  li.it  dest  rat  i  1  i  cat  i  on  or  other  means  of  aeration  in  the  over  lying  watei 
did  not  affect  sediment  anoxic  conditions  anywhere  hut  the  thin  oxidizi 
zone  of  surficial  sediment.  There  was  no  indication  of  redox  eleilrodt 
poisoning  (Bailey  and  Beauchamp  1971)  as  the  electrodes  continually 
responded  to  the  anaeroh i c-aeroh i c  treatments.  Water  conductivity  de¬ 
creased  once  aeration  began.  In  the  Richard  B.  Russell  water-sediment 
system,  for  example,  conductivity  declined  from  28.0  v  10  to 
18.8  '  10  pmlio/cm  in  21  days. 

Carbon  content  of 
the  overly  iter  water 

106.  Changes  in  organic  and  inorganic  carbon  contents  of  the 
overlying  water  in  seleeted  CE  reservoirs  during  aeration  are  shown  in 
figures  14-20,  In  general,  aerotui  respiration  of  organic  compounds  is 
the  most  efficient  metabolic  process  for  carbon  mineralization.  Anoxii 
conditions  in  water-sediment  systems  generally  favor  high  concentration 
of  inorganic  and  organic  carbon,  whereas  »xu  renditions  lend  to  de¬ 
crease  inorganic  carbon  levels.  Preliminary  results  indicate  that 
initial  concentrations  of  organic  carbon  were  low  in  the  anoxii  watei 
column,  with  very  few  changes  ohseived  during  the  ueiohit  treatment  . 

107.  The  d i sappea ranee  rate  of  dissolved  organic  carbon  was 
similar  in  most  water-sediment  systems  over  the  initial  28  days  of 
aerobic  incubation.  Total  organic  carbon  concentrations  remained 
constant  or  declined  slightly  during  this  uicuh.it  ion  period. 

108.  In  the  presence  of  oxygen,  aerobic  heterotrophs  actively 
metabolize  organic  matter  in  water  and  surface  sediments.  Some  methane 
was  produced  hi  the  anoxic  system,  however,  although  the  conversion  rat 
of  methane  to  (T>  in  the  oxic  watei -sed iment  system  has  not  yet  been  dr 
term  med.  Although  a  third  of  t  fie  carbon  from  oxidized  methane  was 
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L'k  Reservoirs 

Rate  (g/m 
Aeroh i c 

2/duy) 
Anox  i 

Beech  Fork  Reservoir- 

1  .  3b 

0.33 

Browns  Lake 

0.54 

0.14 

F.agle  Lake 

2.23 

-0.11 

Kail  Guile  Reservoir 

2.21 

0.14 

Richard  B.  Russell  Reservoir 

1  .50 

-0  .  19 

Nitrogen  concentrations  in  waters 

110.  Nitrification  appeared  to  be  slow  in  Browns  Lake  and  Red 

Rock  Lake  sediment -water  systems  since  substantial  NO.^-N  accumulation 

during  aeration  was  not  noted  (Table  6).  The  low  initial  concentration 

(e.g.  0.11  pg/ml)  of  soluble  NH,  in  the  Browns  Lake  system  did  not 

change  markedly  in  14  days  of  aeration.  Ammonium-N  disappeared  rapidly 

in  the  Red  Rock  svstem;  however,  conversion  ot  Nil , —  N  to  NO  -N  only 

4  d 

accounted  for  10  percent  of  the  total  inorganic  N  during  the  28-day 
aerobic  incubation  period. 

111.  in  contrast,  appreciable  amounts  of  oxidized  inorganic'  N 
accumulated,  mainly  as  NO  ^ ,  in  the  waters  under  optimal  aeration  condi¬ 
tions  at  2 0 0 C  (Table  b).  Chen  et  al.  (  1972)  similarly  found  that  there 
was  a  1-  to  J-day  lag  time  before  i.  i t r i f i cat i on  began.  In  most  ol  the 
sediment-water  systems ,  soluble  NH,  -N  declined  and  approached  undetect- 
able  levels  under  aerobic  conditions.  Approximately  0.5  mg/1.  of 
nitrate-N  accumulated  in  Red  Rock  water.  An  estimated  bO  percent  ol 

the-  soluble  NH*-N  in  the  waters  was  converted  to  oxidized  forms  of  N 
4 

during  2  weeks  of  aerobic  incubation.  These  results  suggest  that  some 
of  the  NO^-N  formed  during  n i t r i f i t a L i on  interacted  with  the  diffused 
water-sediment  interface.  Further  nitrate  reduction  reactions,  in¬ 
cluding  nitrate  immobilization  and  denitrification,  could  account  tor 
the  loss  of  N  in  the  waters.  The  rates  at  which  NH,  is  converted  to 
NO  ^  in  aerobic  reservoir  waters  arc  summarized  in  Table  7. 


Phosphorus  concen- 
t  r.i  1 i  oils  i  n  w.i  t  e  r 


112.  Inorganic  phosphate*  concent  rat  i  mis  in  the  overlying  w.itris 
(Table  8)  ilecreased  under  aerobic  i  iuuh.it  i  on  in  most  of  the  t'K  reser¬ 
voir  systems  shown.  The  ortho-phosphate  coin  unit  rat  i  on  increased  m  t  tie 
Browns  Lake  sediment -water  system,  which  indicates  that  tailors  in  this 
system  other  than  redox  potential  may  determine  the  release  of  1 1 1  •  ■  t - 
game  phosphate  from  sediment  to  the  overlying  waters.  factors  al  toil¬ 
ing  the  release  ot  phosphorus  from  sediments  to  overlying  waters  were 
discussed  in  detail  hy  Holdren  and  Armstrong  (1980);  these  authors 
suggested  that  the  increased  concentrations  of  inorganic  partiiulati 
phosphate  in  the  overlying  water  immediately  after  aeration  may  have 
indicated  physical  suspension  of  sediment  particles.  Therefore,  sur¬ 
face  sediments  can  he  a  possible  source  of  P  to  aerobic  overlying  water 
under  favorable  environmental  conditions  such  as  wave  induction  and 
median i  cal  ci  rcul  at  i on . 

113.  In  laboratory  anaerobic  control  systems,  inorganic  phosphate 
concent  rat  ions  remained  unchanged  or  increased  with  incubation  time.  An 
overall  estimate  of  the  disappearance  rates  of  inorganic  phosphorus 
under  aerobic  conditions  is  shown  in  the  tabulation  below: 


Rose  rvo i r 

Beech  Fork  Reservoir 

Browns  Lake 

Eagle  Lake 

Eau  Galle  Reservoir 

Richard  B.  Russell  Reservoir 

Red  Rock  Reservoir 


Rate  of  Disappearance 
Dissolved  Inorganic 

> 

Phosphorus,  g  P/nr  /day 
0.067 
-0.005 
0.035 
0.  I  lH) 

0 . 146 
0.020 


Iron  and  manganese 
transformations  in  the  waters 

114.  There  was  a  noticeable  release  of  ferrous  iron  and  manganous 
manganese  from  reduced  sediments  to  anoxic  waters  (Table  91.  However, 
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nxiil.it  ion  ot  ter mils  iron  .uni  reduced  manganese  in  the  overlying  w. iters 
oeeurred  rapidly  onee  .ier.it  ion  began.  Concent  rat  ions  of  reduced  iron 
declined  drastically  to  below  the  detection  limit  within  3  days  of 
aerobic  incubation  (Table  9  )  .  A  redd  1 sfi-co I ored  precipitate  in  the 
aerated  overlying  water  indicated  that  ferric  oxyhyd rox 1 des  were  formed 
during  des t ra t 1 t i i a t i on  in  laboratory  systems. 

1  IS.  Simulated  dost  rat i f i cat i on  also  effectively  removed  man¬ 
ganese  from  the  anoxic  hypo  1 i mil  ion .  In  the  Kagle  Lake  system,  concen¬ 
trations  of  reduced  manganese  decreased  from  about  2.3  to  less  than 
0.0b  pig/ml  after  5  days  of  aerobic  incubation.  Results  indicated  that 
more  than  90  percent  of  reduced  manganese  initially  released  disappeared 
Iron)  aerated  anoxic  waters  in  2  weeks.  Precipitation  during  oxidation 
may  be  the  most  important  way  in  which  manganese  is  removed  in  reser¬ 
voir  ecosystems.  The  rates  at  which  metals  were  removed  1 rom  reaerated 
anoxic  chambers  are  shown  in  the  tabulation  below: 

Rates  ol  Metal  Precipitation 
> 

g/nw'day 


Rese  rvo  i  r 

I  ron 

( Fe  111 

Mnng 

ane: 

SC  (Mil 

Beech  Fork  Reservoir 

•> 

,65t. 

0 

.  loo 

Browns  Lake 

I 

.  141 

0 

.  3  70 

Ran  dalle  Reservoir 

3 

.  707 

0 

.  2"-< 

Ragle  Lake 

1 

.863 

0 

.  78  1 

Richard  B.  Russell  Reservoir 

3 

.32  7 

1) 

.517 

Red  Rock  Reservoir 

0 

.357 

0 

.  l)4t, 

In  situ  metal  transformations 

116.  A  preliminary  in  situ  s 

tudy 

ev, 

iluated  the 

fate 

ot 

reducoi 

iron  and  manganese  in  CR  reservoirs 

dur  i 

i  ng 

des t rat  i  1  l  c 

at  ion 

o  r 

s  iimme  i 

aeration  during  August  1981.  The  study  provided  the  oxidation  rates  ot 
ferrous  iron  and  reduced  manganese  at  Ran  dalle  Reservoir.  (hie  hypo- 
limnetic  location  was  anoxic  (site  1;  station  20),  and  the  other  was 
oxic  (site  2;  station  50)  (Figure  21).  Concent  rat  ions  of  soluble  metals 
recovered  in  Ran  dalle  waters  after  24  hr  of  in  situ  inculiat  ion  are 
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EAU  GALLE  LAKE 

Figure  21.  Map  of  Fan  Gallo  Reservoir,  Wisconsin 

summarized  in  the  following  tabulation.  Summer  stratification  developed 
at  site  1,  and  soluble  metals  predominated  in  these  anoxic  waters  during 
tins  investigation.  In  contrast,  site  2  remained  aerobic  due  to  its 
sha 1  low  depth  (0.5  m) . 


I  nc’uba  t  i  on 
T i me ,  h r 

0 

24 


Concentrations  of  Metal-  in  the1  Waters 
mg/I. 

1 ron  Manganese 

Site  1  Site  2  Site  1  Site  2 


The  initial  metal  concentration  of  1.1.3  mg/1,  was  based  on  the  inetal 
initially  added  to  tiie  incubation  bottle. 


117. 


The  concentration  of  soluble  metals  decrease’ll  in  anoxic  and 


oxic  waters  alter  24  hr  of  in  situ  incubation.  In  the’  oxic  water, 
soluble  iron  disappeared  at  a  much  taster  rate  than  soluble  manganese; 
the  anoxic  hypo  I lmnet 1 c  waters  did  not  initially  contain  d<  ectahle 
quantities  ol  soluble  iron  and  manganese.  After  24  hr  of  in  situ  incubu 
tion,  soluble  iron  recovery  accounted  tor  72.11  and  1.11  percent  of  the 
total  iron  in  anoxic  and  oxic  waters,  respectively,  while  values  for 
soluble  Mil  were  24.4  and  19.1  percent,  respectively.  Removal  of  the 
soluble  metals  from  t ho  waters  may  have  been  due  to  oxidation  and  pre¬ 
cipitation  or  dispersal.  Estimated  oxidation  rate’s  ot  iron  and  manga- 

Q 

nese  in  the  Eau  Galle  reservoir  were  1.2b  and  0.18  g/m^/day,  respec¬ 
tively,  at  22.r)°C.  These  oxidation  rates  are  similar  to  those  obtained 
in  the  laboratory. 

118.  Rate  coefficients  developed  in  the  laboratory  such  as  have 
been  presented  in  this  section  of  the  report  will  form  the  basic  vari¬ 
ables  input  to  the  reaeration  subroutine  RE-AERS.  These  laboratory- 
developed  rate  coefficients  have  agreed  well  with  rate’  coefficients 
measured  in  the  field  at  Eau  Galle  Reservoir. 


FART  VI:  SUMMARY  AND  CONCLUSIONS 


119.  Through  a  review  of  the  literature  ami  dismissions  with 
authorities  on  aerobic  nutrient  and  metal  t  ransfurni.it  ions ,  the  effects 
of  aeration  and  aerobic  processes  in  lakes  and  reservoirs  were  compiled 
and  organized.  The  most  important  of  these  processes  were  identified 
and  used  to  formulate  a  realistic  description  of  the  processes  occurring 
during  the  change  from  anaerobic  to  aerobic  conditions.  This  descrip¬ 
tion  is  presented  in  Fart  II  of  this  report. 

120.  The  description  then  formed  the  basis  fur  the  successful 
development  of  the  aerobic  subroutine  RK-AKRS,  presented  in  Fait  111  o! 
this  report.  This  subroutine  is  now  available*  fur  incorporation  nitu 
numerical  reservoir  water  quality  models. 

121.  Sediment  water  reaction  chambers  offer  a  viable  way  uf 
obtaining  a  broad  information  base  of  input  variables  under  a  cunt  rolled 
environment.  Data  from  these  chambers  .ire  being  obtained  as  part  of  the 
Corps’  KWQOS  Program  for  use*  in  the  RK-AF.RS. 

122.  Appl  cation  of  RK-AKRS  in  a  numerical  wal’*i  quality  model  to 
various  CK  reservoir  projects  using  data  obtained  from  the  projects  is  a 
tool  for  examining  the  effectiveness  of  various  management  stiategies 
upon  problems  associated  with  reaeration  conditions.  Milder  proper 
conditions  and  through  the  use  of  data  obtained  from  neighboring  bodies 
of  water,  a  water  quality  model  equipped  with  RK-AKRS  should  also  be 
applicable  to  pre impoundment  investigations  <>l  the  impact  ol  stratifi¬ 
cation  and  dest rat i f i c at i on . 
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Table  1 

Summary  of  Previous  Results  on  Oxygenation  Kinetics  of  Ferrous  Iron'’-' 


oxygen  =  constant  partial  pressure  of  oxygen  at  various 


Cone  of  element  increase  in  overlying  water  after  aeration. 


Summary  o!  Methods  l  s**«i  to  ntit.nii  lhit.i  lor  KK-AKHS 


Reprinted  with  permission  from  Sung  and  Morgan  1980.  Copyright  198.! 


Table  4 

Characteristics  of  Selected  Sediments  and  Soils  Used  in  the  Laboratory  Studies 


Concentrations  of  NH  -N  ami  NO  -N  in  Waters  Overlying  Sediments  from  Selected 


Table  7 


The  Rate  of  N  Transformations  in  CE  Reservoir  Systems  Incubated 


Under  Aerobic  Conditions 

at  20°C  for  3  Weeks  in 

the  Dark 

Rate  of  N 

l)i  sappea  ranee 

Nitrification  Rate 

in  the  Waters 

Reservo i rs 

g  N/m^/day 

g^  N/m“V day 

Beech  Fork  Reservoir 

0.092 

0.011 

Browns  Lake 

0.014 

-0.013 

Eagle  Lake 

0. 189 

0.058 

Eau  Galle  Reservoir 

0.252 

0.  163 

Richard  B.  Russell  Reservoir 

0.189 

0.244 

Red  Rock  Reservoir 

0.015 

0.171 

Table  8 

Changes  of  j^norganic^  Phosphate  (Ortho^P)  Concent  rat  i  on  in  the 
Over lyin£  _Waters  of  _Sel_ect_ed  CE  Reservoir  Systems 
Under  Aerohic_  Conceit  ions  at  25°C  in  the  Laboratory 


Change  of  Inorganic  Phosphate 
Concentration  at  Particular  Hours,  (Jg/m 


Rese  rvo i rs 

0 

j-- 

3 

6 

’  .  i.v 

14 

Beech  Fork  Reservoir 

0.106 

0.  104 

0.077 

0 . 0b2 

0.023 

Browns  Lake 

0.026 

0.027 

0.048 

0.032 

0.035 

Eagle  Lake 

0.100 

0.005 

0.005 

0.0:>  1 

0 . 0  14 

Eau  Galle  Reservoir 

0.367 

0.020 

0 . 005 

0.01 0 

0.004 

Richard  B.  Russell  Reservoir 

0.020 

0.005 

0.030 

0.030 

0.0  12 

Red  Rock  Reservoir 

0.  120 

0.  130 

0.  105 

0.065 

0.0(e) 

